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Introduction 

Prostate  cancer  is  the  most  commonly  diagnosed  cancer,  and  associated  mortality  is  only  second  to  lung 
cancer.  Current  treatments  for  localized  prostate  cancer  include:  surgery  (radical  prostatectomy), 
androgen  suppression  hormone  therapy,  radiation  therapy,  cryotherapy,  chemotherapy,  and  watchful 
waiting.  Although  current  treatment  modalities  are  only  palliative  for  metastatic  prostate  cancer,  they 
provide  potential  curative  treatments  for  organ-confined  prostate  cancer.  However,  these  treatments 
have  limitations  since  significant  complications,  such  as  urinary  incontinence,  impotence,  and  rectal 
complications  can  arise  due  to  the  damage  of  the  surrounding  tissue.  Therefore,  any  new  treatment  that 
can  destroy  prostate  cancer  cells  without  risking  injury  to  the  surrounding  tissue  would  be  highly 
desirable  for  localized  prostate  cancer.  Photodynamic  therapy  (PDT)  represents  a  promising  alternative 
for  the  treatment  of  recurrent  prostate  cancer. 

Numerous  preclinical  studies  demonstrated  the  feasibility  of  using  PDT  for  the  treatment  of  prostate 
cancer.  The  transport  of  PS  in  the  canine  prostate  (1,  2)  or  in  the  rat  prostate  (3)  as  been  investigated 
optically  and  the  irradiation  of  canine  prostate  showed  significant  necrosis  with  minimal  damage  to  the 
surrounding  tissues  (4,  5)  with  careful  dosimetry.  Two  small  clinical  trials  confirmed  the  effectiveness 
and  low  incidence  of  complications  associated  with  PDT  treatment  of  human  prostate  cancer.  Both 
studies  reported  minimal  damage  to  surrounding  tissue  and  the  preservation  of  the  anatomical  feature  of 
the  prostate.  In  the  first  trial  Windahl  et  al.  (6)  treated  2  patients  with  localized  tumors  following 
prostate  resection  and  found  that  PDT  significantly  reduced  levels  of  the  Prostate  Specific  Antigen 
(PSA)  and  did  not  cause  any  severe  complications.  In  the  second  trial,  Nathan  et  al.  (7)  reported  cancer 
necrosis  and  decrease  PSA  levels  in  recurrent  prostate  cancer  following  radiation  therapy.  Furthermore, 
this  was  associated  with  a  lower  incidence  of  complications  than  conventional  treatment. 

The  objective  of  this  proposal  was  to  evaluate  the  effect  of  PDT  on  prostate  tumors  in  order  to  design 
optimal  treatment  regimens.  The  primary  hypothesis  of  this  study  is  that  PDT  affects  adhesion  of 
prostate  cancer  cells  to  extracellular  matrix  proteins  and  induces  Vascular  Endothelial  Growth  Factor 
(VEGF)  release.  It  is  well  established  that  VEGF  can  induce  new  vessel  formation  and  vascular 
penneability.  Together  these  events  could  lead  to  distant  metastasis. 

Body 

The  following  section  addresses  the  original  statement  of  work  by  providing  an  up  to  date  report  of  the 
progress. 

Task  1:  evaluation  of  the  effect  of  PDT  on  prostate  cancer  cells. 

a)  In  the  current  study  we  have  used  2  prostate  cancer  cell  lines.  The  LNCaP  human  prostate  cancer  cells 
initially  isolated  from  a  lymph  node  biopsy  are  useful  for  studying  early  stage  of  prostate  cancer  since 
they  are  androgen-dependant  and  have  low  metastatic  potential.  We  have  also  used  the  MatLyLu  (MLL) 
rat  prostate  cancer  cells.  These  cells  are  useful  for  studying  late  stage  prostate  cancer  since  they  are 
androgen  independent  and  highly  metastatic.  Cells  were  incubated  with  [140  nM]  of  the  photosensitizer 
BPD  for  1  h,  and  then  irradiated  with  a  690  nm  laser  at  different  light  doses.  24  h  following  treatment 
cell  viability  was  assayed  using  the  standard  MTT  assay  (Figure  1).  Since  this  proposal  is  interested  in 
the  effect  of  subcurative  PDT  we  have  chosen  the  following  light  doses  for  LNCaP:  0.25  J/cnT  and  0.5 
J/cnr,  which  correspond  to  85%  and  65%  survival  respectively  (Figure  1,  left)  and  1  J/cm  and  3  J/cnr 
for  MLL,  which  corresponds  to  65%  and  20%  survival  respectively  (Figure  1,  right). 

b)  We  have  used  the  conditions  established  in  task  1(a)  to  test  the  adhesion  of  PDT  treated  MLL  cells  to 
the  extracellular  matrix  protein  collagen  IV.  MLL  cells  were  treated  with  140  nM  BPD  for  1  h  and 
irradiated  with  1  J/cm2  and  3  J/cm2.  24  h  and  72  h  following  treatment  cells  were  collected  and  plated  on 
collagen  IV  plates  and  left  to  adhere  for  4  h.  %  adhesion  of  cells  was  calculated  by  dividing  the  number 
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of  cells  after  washing  to  the  total  number  of  cells  plated.  Following  subcurative  PDT,  MLL  cells  have  a 
decrease  adhesion  to  collagen  IV  (Figure  2,  left  graph).  At  the  higher  light  dose  (3  J/cnT)  the  adhesion 
is  reduced  to  15%.  However  this  decrease  is  transient  since  after  72  h  the  adhesion  is  back  to  control 
level  (Figure  2,  right  graph). 

c)  Subcurative  PDT  transiently  decreases  pi  integrin  protein  levels.  The  a5pl  integrin  is  highly 
expressed  in  MLL  cells  (8,  9)  and  mediates  adhesion  to  collagen  IV.  We  therefore,  evaluated  the  levels 
of  a5  and  pi  integrin  following  PDT.  Figure  3  shows  representative  western  blot  detecting  pi  integrin 
and  a5  integrin,  together  with  actin  as  a  loading  control.  PDT  treatment  with  the  higher  light  dose 
transiently  decreases  pi  integrin  protein  levels  (Figure  3,  A),  24  h  after  treatment,  pi  integrin  levels 
return  to  control  levels  72  h  after  PDT  Figure  3,  B.  Surprisingly,  a5  integrin  levels  were  not  decreased 
following  PDT.  To  elucidate  the  mechanism  of  this  decrease,  we  measured  RNA  levels  following 
treatment.  Real-time  PCR  analysis  did  not  show  any  decrease  in  mRNA  transcript  of  either  a5  integrin 
or  pi  integrin  (Figure  3,  C  and  D  respectively),  suggesting  a  post-translational  effect  of  PDT. 

d)  In  the  LNCaP  cells,  BPD  is  localized  in  the  mitochondria  and  also  in  the  cytosol  (data  not  shown). 
This  extra-mitochondrial  localization  suggests  that  PDT  could  also  affect  cytoplasmic  molecules.  The 
time  course  analysis  of  VEGF  release  at  8  h,  16  h,  and  24  h  following  PDT  with  the  two  subcurative 
doses  (determined  in  task  a)  is  presented  in  Figure  4,  A;  results  were  nonnalized  to  cell  number. 
Treatment  with  0.25  J/cm2  and  0.5  J/cm2  led  to  a  1. 6-fold  and  to  a  2.1 -fold  increase  (p<0.01,  Figure  4, 
A)  in  VEGF  respectively  when  compared  to  light  only  (LO)  or  to  BPD  only  (BO)  24  h  after  treatment. 
Viability  assay  showed  that  cell  death  following  BPD-PDT  occurs  before  8  h  and  that  the  number  of 
cells  for  each  group  does  not  significantly  vary  between  8  h  and  24  h  (data  not  shown).  Furthermore, 
since  there  is  no  increase  in  VEGF  after  8  h  or  16  h  (  Figure  4,  A),  this  suggests  that  the  observed 
increase  in  VEGF  following  PDT  is  not  due  to  the  release  of  intracellular  VEGF  from  dead  cells. 

To  determine  the  mechanism  of  this  increase,  PDT-treated  LNCaP  cells  were  collected  24  h  following 
treatment,  and  intracellular  VEGF  levels  were  measured  by  ELISA.  The  results  were  normalized  to 
protein  concentration  (  Figure  4,  B).  A  significant  increase  (p<0.05)  in  intracellular  VEGF  at  0.5  J/cm“ 
(1. 4-fold)  was  observed  (  Figure  4,  B).  Surprisingly,  despite  an  increase  of  VEGF  in  the  cell- 
conditioned  media  after  the  lower  dose  treatment  (0.25  J/cm  ),  there  was  no  significant  increase  in  the 
intracellular  VEGF  protein  levels.  In  order  to  establish  the  mechanism  of  this  increase,  we  used  primers 
specific  for  exon  1  and  exon  8  of  the  VEGF  gene  to  determine  VEGF  mRNA  levels  following  PDT.  As 
previously  described  (10),  these  primers  can  amplify  all  possible  isoforms  of  VEGF.  Figure  4,  C  shows 
a  representative  picture  of  an  RT-PCR  experiment  following  PDT.  Only  3  isoforms  of  VEGF  are 
expressed  in  LNCaP  cells:  VEGF121,  VEGF145,  and  VEGF165,  with  VEGFm  being  the  most  abundant 
and  VEGF145  being  the  least  abundant.  With  the  0.5  J/cm  treatment,  all  3  VEGF  isoforms  are  increased 
(  Figure  4,  C).  Figure  4,  D  shows  the  average  fold  induction  of  each  VEGF  isoform  following  GAPDH 
nonnalization.  All  3  isoforms  detected  are  increased,  but  only  following  the  0.5  J/cm“  PDT  treatment. 
Concordant  with  intracellular  protein  levels,  there  is  a  significant  (p<0.001)  increase  in  mRNA  levels  of 
VEGF121,  VEGF145,  and  VEGF  165  (1.5-fold,  1. 5-fold,  and  1. 6-fold  increase  respectively  when  compared 
to  no  treatment).  However,  since  it  is  known  that  VEGF  can  be  regulated  both  at  the  transcriptional  (11, 
12)and  at  the  post-transcriptional  levels  (12-14),  from  these  experiments  we  cannot  exclude  either 
mechanism. 

Task  2:  Design  of  optical  monitoring  tools  to  detect  circulating  prostate  cancer  cells. 
a)  Since  the  Prostate  Specific  Membrane  Antigen  (PSMA)  is  expressed  almost  exclusively  on  prostate 
cancer  cells  it  is  a  reliable  marker  for  the  detection  of  circulating  prostate  cancer  cells.  We  have  tested 
the  expression  of  PSMA  in  LNCaP  and  MLL  cells  by  western  analysis.  Figure  5  shows  that  the  Ab  used 
detects  PSMA  only  in  LNCaP  cells  both  in  vitro  and  in  vivo.  Furthermore  PDT  treatment  of  LNCaP 
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tumors  does  not  affect  PSMA  expression.  On  the  other  hand  PSMA  cannot  be  detected  in  MLL  cells  in 
vitro  or  in  vivo  using  this  Ab.  Therefore  our  PSMA  Ab  cannot  be  used  to  detect  circulating  MLL  cells. 
Other  methods  for  detecting  these  cells  are  currently  under  investigation. 

b)  We  have  labeled  PSMA  Ab  with  the  fluorescent  dye  Cy5.5,  or  Cy5.  The  free  dye  was  separated  from 
conjugated  antibody  using  a  gel  filtration  column.  Using  this  conjugation  method  we  obtained  a 
dye/antibody  ratio  of  about  3  and  a  recovery  of  about  90%.  To  confirm  that  labeled  PSMA  maintained 
its  specificity  we  have  incubated  LNCaP  cells  and  MLL  cells  with  5  pg  of  labeled  PSMA-Cy5.5  for  15 
min  at  37°C.  Similar  to  western  blot  results,  Figure  6  shows  that  only  LNCaP  cells  are  labeled  by 
PSMA,  confirming  that  PSMA-Cy5.5  maintained  its  specificity. 

c)  LNCaP  cells  were  labeled  with  PSMA-Cy5.5,  PSMA-  Cy5,  or  with  PSMA-Qdots.  Fluorescence  was 
measured  by  FACS.  As  shown  in  Figure  7,  LNCaP  cells  labeled  with  PSMA-Qdots  are  about  lOx 
brighter  than  LNCaP  cells  labeled  with  PSMA-Cy5.  We  were  not  able  to  detect  LNCaP  cells  labeled 
with  PSMA-Cy5.5  since  the  instrument  doesn’t  have  the  proper  filters.  These  cells  were  then  injected  in 
the  tail  vain  of  SCID  mice  and  the  animals  were  placed  on  the  in  vivo  cytometer  to  detect  circulating 
cells  (15).  We  were  not  able  to  detect  cells  labeled  with  PSMA-Cy5  or  cells  labeled  with  PSMA-Cy5.5. 
However  we  were  able  to  count  cells  labeled  with  PSMA-Qdots.  Therefore  for  task  3  we  will  use 
PSMA-Qdots  to  detect  circulating  prostate  cancer  cells. 

d)  LNCaP  and  MLL  cells  were  stably  transfected  with  the  plasmid  pEGFP-N  1  (Clontech).  This  plasmid 
codes  for  the  green  fluorescent  protein  (GFP).  Stable  cells  were  established  after  selection  in  the 
antibiotic  G418.  A  heterogeneous  population  of  cells  of  different  fluorescence  intensity  is  obtained  after 
transfection  (Figure  8).  The  highly  fluorescent  population  of  cells  (Ml  in  Figure  8)  was  sorted  by  FACS 
and  used  for  future  experiments. 

e)  Stably  tranfected  GFP  cells  were  injected  in  the  tail  vein  of  animals  and  the  in  vivo  cytometer  was 
used  to  detect  them.  However,  we  were  not  able  to  detect  these  cells  even  though  they  are  very 
fluorescent.  This  is  most  likely  due  to  the  absorption  of  green  fluorescence  by  blood.  In  order  to  detect 
circulating  cancer  cells  we  will  use  antibodies  labeled  with  Qdots  since  we  have  shown  in  task  II  (c)  that 
these  labeled  cells  are  highly  fluorescent  and  can  easily  be  detected  using  the  in  vivo  flow  cytometer. 

Task  3:  Evaluation  of  cells  shedding  following  PDT  treatment. 

a)  Subcurative  PDT  increases  circulation  time  of  MLL  cells.  Adhesion  molecules  are  required  for 
homing  of  circulating  cancer  cells  and  subcurative  PDT-treatment  decreases  adhesion  to  collagen  IV. 
Therefore,  we  evaluated  the  effect  of  subcurative  PDT  on  the  circulation  time  of  MLL  cells.  PDT- 
treated  or  untreated  MLL  cells  were  labeled  with  the  lipophilic  fluorescent  dye,  DiD,  prior  to 
intravenous  injection  in  animals.  Live,  anesthetized  animals  were  placed  on  the  IVFC  to  count 
circulating  cells  (15).  Untreated  cells  are  very  rapidly  cleared  from  circulation,  30  min  after  injection, 
there  is  a  ~  80  %  decrease  in  the  number  of  circulating  cells  (Figure  9,  gray  plot).  However,  when  cells 
are  injected  24  h  following  PDT,  there  is  a  significant  (P  <  0.05  when  compared  to  control)  increase  in 
circulation  time  (Figure  9,  dash  plot),  while  cells  injected  72  h  post-PDT  have  similar  circulation  time 
than  control  (Figure  9,  black  plot). 


Task  4:  Biological  effect  of  PDT  on  orthotopic  prostate  tumors. 

a)  In  vivo  decrease  in  pi  integrin  following  subcurative  PDT.  Orthotopic  implantation  of  MLL  cells  is  a 
well-established  model  of  androgen-independent  prostate  cancer.  This  cell  line  is  fast  growing,  poorly 
differentiated,  and  metastatic  to  the  lungs  and  lymph  nodes.  To  detennine  if  this  subcurative  PDT- 
induced  decrease  in  pi  integrin  also  occurred  in  vivo,  we  implanted  MLL  cells  in  the  prostate  of 
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Copenhagen  rats  and  treated  them  with  50  J/cm  .  The  PDT  regimen  used  has  previously  been 
demonstrated  to  be  subcurative  (16).  Twenty-four  hours  following  treatment,  animals  were  euthanized 
and  the  prostate  was  collected  and  fixed  in  10  %  formalin.  Figure  10  show  immunohistochemical 
staining  using  pi  integrin  Ab.  Similar  to  in  vitro  results;  there  is  a  decrease  in  pi  integrin  protein  levels 
following  PDT  treatment.  Figure  10,  right  panels,  arrow,  shows  an  area  unaffected  by  PDT  treatment. 
This  area  probably  did  not  receive  enough  light  or  PS,  or  both  to  elicit  visible  damage.  Proteins  were 
also  extracted  from  PDT  treated  tumors  and  western  blot  analysis  was  performed  to  determine  the  levels 
of  a5  and  pi  integrin.  There  is  a  significant  decrease  in  pi  protein  levels  (Figure  11,  left  picture) 
following  PDT,  however  there  is  no  decrease  in  a5  integrin  protein  levels  (Figure  11,  right  picture).  The 
average  densitometric  quantification  from  5  different  animals  is  presented  in  the  lower  bar  graph  after 
taking  the  ratio  integrin:  actin.  Following  PDT  there  is  a  5 -fold  decrease  in  pi  integrin  protein  levels 
(Figure  11,  left  bar  graph);  but  no  significant  decrease  in  a5  integrin  protein  levels.  From  the  same  PDT- 
treated  tumors  RNA  was  extracted,  there  is  a  significant  decrease  in  pi  integrin  mRNA  levels  following 
treatment  (P  <  0.001  when  compared  to  no  treatment)  and,  surprisingly,  a  significant  increase  in  a5 
integrin  mRNA  (P  <  0.05  when  compared  to  no  treatment,  Figure  1 1,  C  and  D). 

b)  In  vivo  effects  of  PDT.  To  study  the  in  vivo  effect  of  subcurative  PDT,  we  have  used  an  orthotopic 
prostate  cancer  model  which  was  shown  to  more  reliably  mimic  pathological  conditions  than  ectopic 
models  (17-19).  Three  weeks  after  LNCaP  injection,  a  0. 1-0.2  cm  tumor  will  develop  in  90%  of  cases. 
For  in  vivo  studies  we  have  used  the  FDA  approved  liposomal  formulation  of  BPD  (verteporfin®)  since 
tumor  accumulation  was  shown  to  be  increased  in  vivo  when  compared  to  its  non-liposomal  formulation 
(20).  For  subcurative  treatment,  light  was  delivered  with  a  fluence  rate  of  100  mW/cm2  and  a  total 
fluence  of  50  J/cm2.  This  treatment  was  shown  to  be  subcurative,  but  still  causes  significant  tumor 
damage  (data  not  shown).  Therefore,  it  is  ideal  for  the  study  of  the  response  of  tumors  that  have  been 
exposed  to  both  PS  and  light,  but  not  at  sufficient  levels  to  kill  them.  Immunohistochemical  analysis  of 
tumors  collected  24  h  after  treatment  showed  a  more  intense  VEGF  staining  following  PDT  treatment 
(Figure  12,  bottom  images,  compare  C  to  A  and  to  B).  Figure  12  (top)  images  show  the  hematoxylin 
and  eosin  staining  of  tumor  sections.  There  were  numerous  necrotic  areas  observed  after  PDT  treatment 
(Figure  12  C  top,  arrows)  and  a  significant  infiltration  of  red  blood  cells  indicative  of  effective 
treatment.  To  have  a  more  quantitative  approximation  of  the  VEGF  increase,  we  collected  proteins  from 
tumors  24  h  after  treatment.  VEGF  ELISA  was  performed  and  all  results  were  normalized  to  protein 
concentration.  This  ELISA  not  only  detects  intracellular  VEGF,  but  also  cell/extracellular  associated 
VEGF.  There  was  a  significant  (p<0.05)  increase  in  VEGF  levels  following  PDT  treatment  (1.9-fold 
increase  when  compared  to  BPD  only)  in  orthotopic  prostate  tumors  (Figure  13),  consistent  with  the 
immunohistochemical  observations. 


c)  Increased  treatment  efficacy  when  combining  antiangiogenic  therapy  with  PDT.  It  is  well 
documented  that  VEGF  is  a  potent  angiogenic  molecule  (21,  22).  Therefore,  the  measured  increase  in 
VEGF  following  PDT  could  reduce  treatment  efficacy  by  promoting  tumor  regrowth  or  potentially 
facilitating  metastasis.  For  these  reasons  we  decided  to  investigate  the  efficacy  of  combining  the 
antiangiogenic  molecule,  TNP-470,  with  PDT.  Figure  14  shows  the  various  groups  used  in  this  study. 
Group  D  received  TNP-470  every  2  days  the  week  preceding  PDT,  while  group  E  received  TNP-470 
every  2  days  for  the  week  following  PDT.  All  animals  were  sacrificed  40  days  following  orthotopic 
implantation  and  the  prostate,  comprised  of  tumor  tissue  and  normal  tissue,  was  collected.  Prostate 
weight  and  prostate  volume  were  also  significantly  reduced  (P  <  0.05)  in  the  PDT  +  TNP-470  group 
when  compared  to  the  control  group  (Figure  15,  A).  We  did  not  measure  any  significant  differences 
when  TNP-470  was  administered  prior  to  PDT.  It  is  important  to  note  that,  in  the  current  study,  we  used 
subcurative  PDT  doses  therefore  the  tumors  at  day  40  are  >  400  mg  compared  to  -  20  mg  for  normal 
prostate. 


Nicolas  Solban.  Postdoctoral  Traineeship  Award  (PC  040158).  (2004-2006) 


-5- 


PDT  increases  the  fraction  of  animals  with  lymph  node  metastases.  At  the  time  of  sacrifice  the  lungs, 
pelvic  lymph  nodes,  liver  and  spines  were  collected  and  metastatic  spread  was  assessed.  No  metastases 
could  be  detected  in  the  liver,  spines  and  lungs  in  all  groups.  On  the  other  hand,  lymph  node  metastases 
were  detected  in  some  animals  of  every  group.  Figure  15,  B  shows  the  percentage  of  animals  with 
lymph  node  metastases  for  each  group.  Similar  to  our  previous  report  (16),  more  animals  from  group  B 
(72%),  which  received  only  PDT,  had  metastases  when  compared  to  all  other  groups.  Interestingly,  the 
fraction  of  animals  with  lymph  node  metastases  was  reduced  in  all  TNP-470-treated  groups. 

d)  2  published  manuscripts  and  one  submitted  manuscript  are  appended. 

Key  Research  Accomplishments 

Travel  Award: 

1.  2005,  European  Society  for  Photobiology:  Postdoctoral  Fellow  Travel  Award. 

2.  2004,  American  Society  for  Photobiology:  Postdoctoral  Fellow  Travel  Award. 

Original  Articles 

1.  Solban  Nicolas,  Georgakoudi  Irene,  Sung  K  Chang,  Rice  F  William,  Charles  Fin,  Hasan  Tayyaba. 
Decrease  adhesion  to  extracellular  matrix  following  subcurative  photodynamic  therapy.  Submitted  to 
Cancer  Res. 

2.  Kosharskyy  Boleslav*,  Solban  Nicolas*,  Chang  K  Sung,  Rizvi  Imran,  Chang  Yuchiao,  Hasan 
Tayyaba.  Antiangiogenic  Therapy  with  Photodynamic  Therapy:  A  mechanism-based  combination  that 
inhibits  tumor  growth  and  metastasis  in  an  orthotopic  model  of  prostate  cancer.  Accepted  for 
publication,  in  press.  (*  Joint  first  authors). 

3.  Solban  Nicolas,  Selbo  K  Pal,  Sinha  K  Alok,  Chang  K  Sung,  Hasan  Tayyaba.  Mechanistic 
Investigation  and  Implications  of  PDT-Induction  of  VEGF  in  Prostate  Cancer.  Cancer  Res.  2006  May 
15:  66(15):  1-8. 

4.  Solban  N,  Rizvi  R,  Hasan  T.  Targeted  Photodynamic  Therapy.  Fasers  Surg  Med.  2006 
Jun;38(5):522-31. 

5.  Chen  B,  Pogue  BW,  Zhou  X,  O'Hara  JA,  Solban  N,  Demidenko  E,  Hoopes  PJ,  Hasan  T.  Effect  of 
tumor  host  microenvironment  on  photodynamic  therapy  in  a  rat  prostate  tumor  model.  Clin  Cancer  Res. 
2005  Jan  15;  11(2  Pt  l):720-7. 

Selected  Full  Proceedings  of  Meetings 

1.  Nicolas  Solban,  Irene  Georgakoudi,  William  F.  Rice,  Charles  Fin,  Tayyaba  Hasan.  Role  of  cell  type 
and  animal  species  in  tumor  metastasis.  In:  David  Kessel;  Editor.  Optical  Methods  for  Tumor  Treatment 
and  Detection:  Mechanisms  and  Techniques  in  Photodynamic  Therapy  XIII.  Photonics  West  2004.  2004 
Jan  24-29;  San  Jose,  USA.  Proc.  SPIE  Vol.  5315,  p  41-48 

2.  Nicolas  Solban,  Irene  Georgakoudi,  Bernhard  Ortel  and  Charles  Fin,  Tayaaba  Hasan.  Optical 
imaging  in  photodynamic  therapy:  mechanisms  and  applications.  In:  Alexander  P.  Savitsky,  Fubov  Y. 
Brovko,  Darryl  J.  Bornhop,  Ramesh  Raghavachari,  Samuel  I.  Achilefu;  Editors.  Genetically  Engineered 
and  Optical  Probes  for  Biomedical  Applications  II.  Photonics  West  2004.  2004  Jan  24-29;  San  Jose, 
USA.  Proc.  SPIE  Vol.  5329,  p.  192-200. 
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3.  Tayyaba  Hasan,  Nicolas  Solban.  Photochemical  Effects  in  Laser-tissue  interactions:  photodynamic 
therapy,  an  overview.  In:  Steven  L.  Jacques,  William  P.  Roach;  Editors.  Laser  Interaction  with  Tissue 
and  Cells  XV.  Photonics  West  2004.  2004  Jan  24-29;  San  Jose,  USA.  Proc.  SPIE  Vol:  5319,  p.  41-49 

4.  Nicolas  Solban,  Nathaniel  Sznycer-Taub,  Juan  Manuel  Benavides,  Sung  Chang,  Irene  Georgakoudi, 
Tayyaba  Hasan.  The  need  for  optical  imaging  in  the  understanding  and  optimization  of  photodynamic 
therapy.  In:  Darryl  J.  Bornhop,  Samuel  I.  Achilefu,  Ramesh  Raghavachari,  Alexander  P.  Savitsky; 
Editors.  Genetically  Engineered  and  Optical  Probes  for  Biomedical  Applications  III.  Proc.  SPIE  Vol: 
5704.  p.  1-9. 

Book  Chapters 

1.  Hasan  T,  Ortel  B,  Solban  N,  Moor  CE,  Pogue  B.  Photodynamic  therapy  of  cancer.  In:  D.W.  Kufe  and 
R.R  Weichselbaum,  editors.  Cancer  Medicine.  BC  Decker  Inc,  2005.  Chapter  35a. 

2.  Solban  N,  Ortel  B,  Pogue  B,  Hasan,  T.  Targeted  Optical  Imaging  and  Photodynamic  Therapy.  In: 
A.A.  Jr.  Bogdanov  and  K  Licha,  editors.  Molecular  Imaging:  An  Essential  Tool  in  Preclinical  Research, 
Diagnostic  Imaging,  and  Therapy.  Heidelberg:  Springer- Verlag,  2005:  Chapter  12,  229-58. 

3.  Solban  N,  Ortel  B,  Pogue  B,  Hasan  T.  Targeted  optical  imaging  and  photodynamic  therapy.  In:  Ernst 
Schering  Res  Found  Workshop.  2005;(49):229-58. 

Abstract: 

1.  I.  Georgakoudi,  N,  Solban,  C.  Lin,  T.  Hasan.  In  vivo  flow  cytometry:  A  noninvasive  method  for 
monitoring  circulating  cells  after  PDT.  SPIE  Optics  East  2005,  Boston,  MA,  USA,  2005. 

2.  N  Solban,  I  Georgakoudi,  W.  Rice,  C  Lin,  T  Hasan.  Decrease  in  adhesion  of  prostate  cancer  cells 
following  subcurative  photodynamic  therapy.  11th  Congress  of  the  European  Society  for 
Photobiology.  Aix-les-Bains,  France,  2005. 

3.  N  Solban,  A  Sinha,  S  Chang,  W  Rice,  P  K  Selbo,  T  Hasan.  Effect  of  photodynamic  therapy  on 
human  prostate  tumor  microcirculation:  potential  mechanism  of  distant  metastasis.  96th  Annual 
meeting  of  the  American  Association  for  Cancer  Research,  Anaheim,  CA,  USA,  2005 

4.  N  Solban,  W  Rice,  I  Georgakoudi,  N  Sznycer-Taub,  J  Benavides,  B  Johnson,  C  Lin,  T  Hasan.  Effect 
of  Photodynamic  Therapy  on  Prostate  Cancer.  Tumor  Progression  and  Therapeutic  Resistance, 
Philadelphia,  PA,  USA,  2004 

5.  N  Solban,  I  Georgakoudi,  W  Rice,  A  Sinha,  P  K  Selbo,  C  Lin,  T  Hasan.  Molecular  Responses  of 
prostate  cancer  to  photodynamic  therapy  and  in  vivo  imaging  of  circulating  prostate  cancer  cells. 
American  Society  for  Photobiology,  Seattle,  WA  USA,  2004. 

Conclusions 

PDT  is  an  approved  therapeutic  modality  for  various  oncologic  and  non-oncologic  pathologies.  This 
proposal  studied  the  molecular  responses  of  prostate  cancer  cells  to  various  PDT  treatment  conditions  in 
order  to  optimize  treatment  efficacy  and  minimize  side  effects.  The  results  obtained  establish  that  PDT 
alters  cellular-molecular  processes  such  as  cell  adhesion,  as  well  as  transcription  and  synthesis  of  VEGF 
in  vivo  and  in  vitro  at  subcurative  doses.  We  also  report  that  combining  PDT  with  an  antiangiogenic 
agent,  to  prevent  the  action  of  the  PDT-induced  VEGF  secretion  improves  local  control  of  prostate 
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cancer  and  reduces  the  incidences  of  metastasis.  We  conclude  that  the  most  effective  application  of  PDT 
for  long-term  cure,  may  involve  combined  therapeutic  regimens. 
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APPENDICES 


Figure  1:  Prostate  cancer  cell  lines  killing  curve.  LNCaP  cells  (left)  or  MLL  cells  (right)  were 
incubated  with  BPD  for  1  h  and  irradiated  with  different  light  doses.  24  h  post-PDT  viability  was 
assayed.  Grey  bars  show  the  light  doses  used  in  the  subsequent  experiments. 


LNCaP  Killing  Curve  post-PDT 
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MLL  Killing  Curve  post-PDT 
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Figure  2:  Transient  decrease  in  adhesion  following  PDT.  24  h  (left)  and  72  h  (right)  after  PDT  MLL 
cells  were  collected  and  left  to  adhere  for  4  h  to  collagen  IV.  %  Adhesion  was  calculated  by  dividing  the 
number  of  cells  after  washing  to  the  total  number  of  cells  plated. 


Adhesion  to  Collagen  IV,  24  h  post-PDT  Adhesion  to  Collagen  IV,  72  h  post-PDT 


No  Treatment  BPD  only  1  J/cm2  3J/cm2  No  Treatment  BPD  only  1  J/cm2  3J/cm2 


Nicolas  Solban.  Postdoctoral  Traineeship  Award  (PC  040158).  (2004-2006) 


-  11- 


Figure  3:  Decrease  in  Integrin  pi  levels  by  subcurative  PDT.  24  h  following  treatment  (A)  and  72  h 
following  treatment  (B)  PDT  treated  cells  were  collected,  protein  was  extracted  and  pi -Integrin  or  a5- 
integrin  western  analysis  was  performed.  There  is  a  transient  decrease  in  Integrin  pi  levels  after  24  h 
(A)  but  the  levels  return  to  nonnal  72  h  after  treatment  (B).  However  there’s  no  decrease  in  a5-integrin 
following  PDT.  LO:  light  only,  BO:  BPD  only.  Actin  was  used  as  a  loading  control.  Real-time  RT-PCR 
analysis  of  a5-integrin  (C)  and  pi  integrin  (D)  mRNA  levels.  Results  are  expressed  relative  to  LO  and 
are  mean  ±  SE  of  3  independent  experiments  measured  in  triplicate. 
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Figure  4:  Increase  of  released  and  intracellular  VEGF  protein  and  mRNA  following  PDT.  A) 

Time  course  analysis  of  PDT  induced  VEGF  release.  At  8  h,  16  h,  and  24  h  post  PDT  treatment, 
secreted  VEGF  was  measured  by  ELISA  in  the  cell  medium.  Values  are  normalized  relative  to  cell 
number.  A  statistically  significant  increase  in  secreted  VEGF  is  measured  24  h  post-PDT  (*  P  <  0.01 
when  compared  to  LO  or  to  BO).  (B)  24  h  post  PDT  treatment  intracellular  VEGF  was  measured  by 
ELISA  and  a  statistically  significant  increase  was  measured  only  with  the  0.5  J/cm2  light  dose  (*  P  < 
0.05  when  compared  to  NT,  LO  or  to  BO).  Values  are  nonnalized  relative  to  protein  concentration.  C) 
Representative  agarose  gel  analyzing  RT-PCR  products  for  VEGF  (517,  580,  and  649  bp  corresponding, 
respectively,  to  the  121,  145,  and  165  protein  isoforms,  top  gel)  or  GAPDH  (bottom  gel).  All  VEGF 
isoforms  are  increased  following  0.5  J/cm2  treatment.  D)  The  relative  levels  of  VEGF  were  detennined 
by  RT-PCR  analysis.  The  results  are  expressed  as  fold  induction  of  VEGF  mRNA  after  calculating 
VEGF:  GAPDH  ratio.  There  is  a  statistically  significant  -1.5  fold  induction  in  all  VEGF  isoforms 
following  0.5  J/cm2  treatment  (*  P  <  0.01  when  compared  to  NT,  LO  or  to  BO).  NT  was  arbitrarily  set 
at  1.  NT:  no  treatment,  LO:  light  only,  BO:  BPD  only.  Data  represents  the  mean  ±  SE  of  three 
independent  experiments. 
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Figure  5:  PSMA  is  expressed  only  in  LNCaP  cells.  Western  blot  analysis  shows  expression  of  PSMA 
only  in  LNCaP  cells  both  in  vitro  and  in  vivo.  PDT  treatment  does  not  modify  PSMA  expression.  PSMA 
is  not  detected  in  MLL  cells. 
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Figure  6:  Specific  labeling  of  LNCaP  cells  with  PSMA-Cy5.5.  LNCaP  and  MLL  cells  were  incubated 
with  5  |ug  PSMA-Cy5.5  for  15  min  at  37°C.  After  PBS  washes  cells  were  observed  using  a  confocal 
microscope.  LNCaP  cells  are  specifically  labeled  while  no  labeling  is  observed  in  MLL  cells. 
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Figure  7:  FACS  Analysis  of  LNCaP  cells.  LNCaP  cells  were  incubated  with  PSMA,  PSMA-Cy5  or 
PSMA-Qdots.  Specific  fluorescence  is  observed  with  Cy5  and  Qdots. 
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Figure  8:  FACS  analysis  of  GFP  LNCaP  and  GFP  MLL  cells.  Histogram  of  LNCaP-GFP  and  MLL- 
GFP  before  sorting.  Ml  represents  cells  with  the  highest  fluorescence  that  were  sorted.  FL1-H  is  the 
channel  used  to  detect  green  fluorescence. 


Nicolas  Solban.  Postdoctoral  Traineeship  Award  (PC  040158).  (2004-2006) 


-  17- 


Figure  9.  Subcurative  PDT  increases  circulation  time  of  prostate  cancer  cells.  24  h  (- A-)  or  72  h  (-■-) 
post-PDT  or  untreated  (-0-)  MLL  were  labeled  with  the  lipophilic  dye  DiD  and  injected  in  the  tail  vein 
of  SCID  mice  and  immediately  placed  on  the  IVFC.  The  normalized  numbers  of  circulating  cells  per 
minute  are  shown  for  3  h  following  injection  of  the  fluorescently  labeled  cells.  (n=3  with  5 
measurements).  *  P  <  0.05  when  compared  to  untreated  cells. 
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Figure  10:  Immunohistochemical  staining  of  pi  integrin  in  orthotopic  prostate  tumors.  Microsections 
of  tumors  were  stained  with  hematoxylin  and  eosin  (H  &  E,  top  pictures)  or  with  [S 1  integrin  and 
hematoxylin  (bottom  figures).  Arrow  indicates  area  unaffected  by  treatment.  NT:  No  treatment,  PDT 
represents  two  different  tumors. 
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Figure  11:  Analysis  of  pi  integrin  and  a5  integrin  protein  levels  from  orthotopic  prostate  tumors.  24  h 
following  PDT,  animals  were  sacrificed,  tumors  were  collected  and  proteins  and  RNA  were  extracted. 
100  pg  or  25  pg  of  proteins  was  used  for  pi  integrin  (A)  and  a5  integrin  (B)  western  respectively.  The 
level  of  actin  was  measured  as  a  protein-loading  control.  PDT  1  and  PDT  2  are  proteins  from  tumors  of 
2  different  animals.  Graphs  represent  the  average  integrin  pi  levels  (left)  or  a5  levels  (right)  from  5 
different  tumors  after  calculating  the  integrin:  actin  ratio  and  performing  densitometric  analysis.  Real¬ 
time  RT-PCR  analysis  of  pi  (C)  and  a5  (D)  integrin  mRNA  levels.  Results  are  expressed  relative  to  NT 
and  are  mean  ±  SE  of  5  independent  experiments  measured  in  triplicate.  NT  was  arbitrarily  set  at  1 .  NT : 
No  treatment,  BO:  BPD  Only.  **  p  <  0.001,  and  *  p  <  0.05  when  compared  to  NT. 
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Figure  12:  Immunohistochemical  staining  of  VEGF  protein  in  orthotopic  prostate  tumors. 

Microsections  of  tumors  were  stained  with  hematoxylin  and  eosin  ( top  pictures)  or  with  VEGF  antibody 
and  hematoxylin  ( bottom  figures).  A:  No  treatment.  B:  BPD  only,  C:  PDT.  Following  subcurative  PDT 
there  is  an  increase  in  VEGF.  Arrows  indicate  area  of  cell  death  and  red  blood  cells  infiltration 
indicative  of  vascular  destruction  (C).  (20x  magnification). 
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Figure  13:  In  vivo  PDT  increases  VEGF.  A)  24  h  following  treatment,  orthotopic  prostate  tumors  were 
collected,  proteins  were  extracted  and  VEGF  levels  were  measured  by  ELISA.  Values  are  normalized 
relative  to  protein  concentration  and  represent  the  mean  ±  SE  of  six  animals  for  each  group.  A 
statistically  significant  increase  (*,  P<0.05)  was  measured  following  PDT.  NT:  no  treatment,  BO:  BPD 
only. 
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Figure  14:  Treatment  protocols.  Orthotopic  implantation  of  LNCaP  cells  in  the  prostate  was  done  on 
day  1  and  all  animals  were  sacrificed  on  day  40.  (A)  Absolute  control  (n  =  5).  (B)  PDT  alone  (n  =  7). 

(C)  TNP-470  alone  (n  =  5).  (D)  TNP-470  treatment  preceding  PDT  (n  =  8),  (E)  PDT  followed  by  TNP- 
470  treatment  (n  =  5).  TNP-470  was  injected  at  30  mg/kg  body  weight  every  2  days  for  1  week.  PDT 
was  done  with  0.25  mg/kg  liposomal  BPD  injected  1  h  prior  to  light  irradiation  (100  J/cm2).  N  =  number 
of  animals  in  each  groups. 
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Figure  15:  Combination  treatment  improves  local  tumor  control  and  reduces  metastases.  (A)  Animals 
from  each  group  were  euthanized  40  days  following  tumor  cell  implantation.  The  prostate,  comprised  of 
both  normal  and  tumor  tissue,  was  weighed.  There  is  a  significant  decrease  (*,  P  <  0.05)  in  prostate 
weight  in  the  PDT  +  TNP-470  group  only  when  compared  to  the  control.  (B)  At  the  time  of  sacrifice 
lymph  nodes  were  collected,  fixed  in  10  %  formalin,  and  embedded  in  paraffin.  Sections  were  cut 
throughout  the  lymph  node  and  assessed  for  metastases.  N  =  number  of  animals  in  each  groups. 
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Abstract 

Photodynamic  therapy  (PDT)  is  now  an  approved  therapeutic 
modality,  and  induction  of  vascular  endothelial  growth  factor 
(VEGF)  following  subcurative  PDT  is  of  concern  as  VEGF  may 
provide  a  survival  stimulus  to  tumors.  The  processes  that  limit 
the  efficacy  of  PDT  warrant  investigation  so  that  mechanism- 
based  interventions  may  be  developed.  This  study  investigates 
VEGF  increase  following  subcurative  PDT  using  the  photosen¬ 
sitizer  benzoporphyrin  derivative  (BPD)  both  in  an  in  vitro 
and  in  an  orthotopic  model  of  prostate  cancer  using  the 
human  prostate  cancer  cell  line  LNCaP.  The  two  subcurative 
doses  used,  0.25  and  0.5  J/cm2,  mimicked  subcurative  PDT  and 
elicited  a  1.6-  and  2.1-fold  increase,  respectively,  in  secreted 
VEGF  24  hours  following  PDT.  Intracellular  VEGF  protein 
measurement  and  VEGF  mRNA  showed  a  1.4-  and  1.6-fold 
increase  only  at  0.5  J/cm  .  In  vivo  subcurative  PDT  showed  an 
increase  in  VEGF  by  both  immunohistochemistry  and  ELISA. 
In  vitro  analysis  showed  no  activation  of  hypoxia-inducible 
factor-lot  (HIF-la.)  or  cyclooxygenase-2  (COX-2)  following 
subcurative  PDT;  furthermore,  small  interfering  RNA  inhibi¬ 
tion  of  HIF-lot  and  COX-2  inhibitor  treatment  had  no  effect  on 
PDT  induction  of  VEGF.  PDT  in  the  presence  of  phosphatidy- 
linositol  3-kinase/AKT  inhibitor  or  mitogen-activated  protein 
kinase  (MAPK)/extracellular  signal-regulated  kinase  inhibitor 
still  induced  VEGF.  However,  subcurative  PDT  increased 
phosphorylated  p38  and  stress-activated  protein  kinase/ 
c-Jun  NH2-terminal  kinase.  The  p38  MAPK  inhibitor  abolished 
PDT  induction  of  VEGF.  The  results  establish  the  importance 
of  VEGF  in  subcurative  BPD-PDT  of  prostate  cancer  and 
suggest  possible  molecular  pathways  for  its  induction.  These 
findings  should  provide  the  basis  for  the  development  of 
molecular-based  interventions  for  enhancing  PDT  and  merit 
further  studies.  (Cancer  Res  2006;  66(11):  5633-40) 

Introduction 

Photodynamic  therapy  (PDT)  is  an  evolving  technology  that  is 
approved  as  a  first  line  treatment  for  age-related  macular 
degeneration  and  for  a  variety  of  cancers  (1).  PDT  consists  of  the 
systemic  or  local  administration  of  a  photosensitizer,  its  preferen¬ 
tial  accumulation  in  malignant  tissues,  and  its  subsequent 
activation  by  visible  light.  In  the  presence  of  oxygen,  this  activated 
photosensitizer  can  generate  reactive  oxygen  species  that  are  toxic 
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to  the  tumor  (2,  3).  With  the  use  of  modern  fiber-optic  systems  and 
various  types  of  endoscopy,  light  can  now  be  targeted  accurately  to 
almost  any  part  of  the  body  for  the  treatment  of  tumors.  Several 
thousand  patients  have  already  been  treated  with  PDT  for  a  variety 
of  advanced  neoplasms  and  have  shown  an  improvement  in  their 
quality  of  life  and  a  lengthened  survival  (3,  4).  For  early  and 
localized  disease,  PDT  has  also  been  shown  to  be  a  selective  and 
curative  therapy.  Porfimer  sodium  (Photofrin)  is  approved  for  use 
in  advanced  and  early  stage  lung  cancers,  superficial  gastric  cancer, 
esophageal  adenocarcinoma,  cervical  cancer,  bladder  cancer,  and 
Barrett’s  esophagus.  Temoporfin,  another  photosensitizer,  is 
approved  in  Europe  for  the  palliative  treatment  of  head  and  neck 
cancer.  Although  no  other  systemically  administered  photosensi¬ 
tizers  are  currently  approved  for  the  treatment  of  neoplasms, 
topically  applied  photosensitizers  are  approved  for  the  treatment 
of  actinic  keratosis  and  basal  cell  carcinomas. 

Today,  PDT  is  being  considered  not  only  as  palliative  therapy  but 
also  as  a  treatment  option  for  early  lung  cancer,  actinic  keratosis, 
and  basal  cell  carcinoma.  Currently,  the  use  of  PDT  for  localized 
disease  and  precancerous  lesions  is  under  investigation  for  bladder 
cancer,  pituitary  tumors,  and  glioblastoma  (3,  4).  The  feasibility  of 
using  PDT  for  the  treatment  of  localized  recurrent  prostate  cancer 
has  also  been  shown  previously  (5,  6).  Furthermore,  numerous 
ongoing  clinical  studies  have  been  designed  for  the  optimization  of 
PDT  conditions.  As  PDT  becomes  more  of  a  mainstream  treatment 
option  for  early  cancers,  it  is  important  to  understand  factors  that 
might  counteract  its  tumoricidal  effect.  Our  group  is  interested  in 
studying  the  molecular  responses  of  cancer  cells  that  have  been 
exposed  to  both  photosensitizer  and  light  but  not  in  sufficient 
quantities  to  kill  them.  An  understanding  of  these  molecular 
responses  will  help  in  the  design  of  new  mechanism-based 
interventions  and  potentially  improve  long-term  survival  of  PDT- 
treated  patients. 

An  inherent  consequence  of  PDT  is  local  hypoxia.  This  condition 
can  arise  directly  from  oxygen  consumption  during  treatment  (7-9) 
or  indirectly  from  the  destruction  of  the  tumor  vasculature  as  a 
result  of  effective  treatment  (10,  11).  Hypoxia  is  the  major  stimulus 
for  angiogenesis  through  its  stabilization  of  the  transcription  factor 
hypoxia-inducible  factor-la  (HIF-la;  ref.  12),  which  is  then  able  to 
bind  to  the  HIF-la  response  element  (HRE;  ref.  13)  in  the  promoter 
of  numerous  genes,  including  in  the  promoter  of  the  vascular 
endothelial  growth  factor  (VEGF)  gene,  a  potent  angiogenic 
molecule,  resulting  in  an  increase  in  VEGF  production  and 
secretion  (14).  Following  PDT,  an  increase  in  VEGF  secretion 
(15,  16)  as  well  as  an  angiogenic  response  has  been  documented 
(17,  18)  in  vivo.  Ferrario  et  al.  have  shown  an  increase  in  HIF-la 
following  Photofrin-mediated  PDT  of  a  s.c.  BA  mouse  mammary 
carcinoma  (16)  as  well  as  an  increase  in  cyclooxygenase-2  (COX-2) 
following  PDT  (19),  leading  to  an  increase  in  VEGF.  However,  the 
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molecular  mechanism  of  this  PDT-induced  VEGF  increase  may 
involve  multiple  pathways  and  may  be  system  dependent  (cell, 
tumor  type,  tumor  model,  or  photosensitizer).  Importantly,  the  host 
microenvironment  can  have  profound  effects  on  tumor  physiology 
and  expression  of  cellular  molecules  (20).  A  recent  report  by  Chen 
et  al.  (21)  of  a  rat  prostate  cancer  model  showed  that  s.c.  tumors 
had  reduced  vascular  density,  VEGF  secretion,  and  uptake  of 
photosensitizer  when  compared  with  orthotopic  tumors.  In 
general,  although  sometimes  difficult  to  generate,  orthotopic 
models  more  adequately  mimic  physiologic  conditions  and  are 
thought  to  be  of  more  clinical  relevance  (22). 

In  the  current  study,  we  investigated  the  subcurative  benzopor- 
phyrin  derivative  (BPD)-PDT-based  induction  of  VEGF  in  vitro  and 
in  vivo  in  an  orthotopic  model  of  prostate  cancer  using  the  human 
prostate  cancer  cell  line  LNCaP.  Our  results  indicate  that 
subcurative  treatment  induces  VEGF  synthesis  and  release  both 
in  vitro  and  in  vivo.  Somewhat  surprisingly  our  in  vitro  study  shows 
that,  in  contrast  to  previously  published  data  (16,  19,  23),  this 
increase  is  independent  of  HIF-la  and  COX-2  but  was  induced  by 
the  p38  mitogen-activated  protein  kinase  (MAPK)  signaling 
pathway.  Due  to  the  complexity  of  the  disease  process  in  cancer, 
single  treatment  modalities  may  not  be  highly  effective;  it  is  likely 
that  rationally  designed,  mechanism-based  combinations  will  offer 
greater  chances  of  success.  The  results  in  this  study  establish  the 
molecular  pathway  for  subcurative  BPD-PDT  induction  of  VEGF  in 
prostate  cancer  cells  and  should  be  useful  in  the  development  of 
molecular-based  interventions  for  enhancing  photodynamic  treat¬ 
ment  response.  Furthermore,  these  results  suggest  that  the 
molecular  responses  elicited  by  PDT  are  system  specific  and 
determined  by  many  factors,  such  as  the  photosensitizer,  cell  type, 
tumor  physiology,  and  photosensitizer  localization  at  the  time  of 
treatment. 

Materials  and  Methods 

Cell  culture  and  reagents.  LNCaP  cells,  human  prostate  carcinoma 
cells,  were  obtained  from  the  American  Type  Culture  Collection  (Rockville, 
MD).  Monolayer  cultures  were  incubated  in  RPMI  1640  (Mediatech, 
Herndon,  VA)  supplemented  with  10%  FCS  (Invitrogen,  Carlsbad,  CA),  100 
units/mL  penicillin,  100  pg/mL  streptomycin  (Mediatech),  and  10  mmol/L 
HEPES.  BPD  (140  nmol/L)  was  used  in  all  in  vitro  assays,  and  liposomal  BPD 
(0.25  mg/kg  body  weight)  was  used  in  all  in  vivo  studies.  BPD  and  liposomal 
BPD  were  donated  by  QLT,  Inc.  (Vancouver,  British  Columbia,  Canada). 
LY  294002  [phosphatidylinositol  3-kinase  (PI3K)/AKT  inhibitor],  SP  600125 
[c-Jun  NH2-terminal  kinase  (JNK)  inhibitor],  SB  202190  (p38  MAPK 
inhibitor),  and  PD  98059  (p44/42  inhibitor)  were  purchased  from 
Calbiochem  (San  Diego,  CA).  NS-398  (COX-2  inhibitor)  was  purchased 
from  Sigma-Aldrich  (St.  Louis,  MO). 

Tumor  implantation.  Experiments  were  carried  out  on  6-week-old  male 
severe  combined  immunodeficient  mice  weighing  —25  g  (Cox  Breeding 
Laboratories,  Cambridge,  MA).  Animals  were  anesthetized  with  a  7:1 
mixture  of  ketamine/xylazine.  A  2-cm  longitudinal  incision  from  the  pubic 
bone  in  a  cranial  direction  exposed  the  prostate  after  the  bladder  was 
retracted  cranially.  LNCaP  cells  (3  x  106)  in  50%  Matrigel  (BD  Biosciences, 
San  Diego,  CA)  were  injected  into  the  stroma  of  the  prostate  ventral  lobe 
(0.1  mL  total  injection  volume).  The  incision  was  closed  with  2-0  suture. 
Three  weeks  following  injection,  a  0.1-  to  0.2-cm3  tumor  develops. 

Western  blotting.  LNCaP  cells  were  resuspended  in  lysis  buffer 
containing  protease  inhibitors  (1%  PBS,  1%  NP40,  0.5%  sodium  deoxy- 
cholate,  0.1%  SDS,  10  mg/mL  phenylmethylsulfonyl  fluoride,  100  mmol/L 
sodium  orthovanadate,  protease  inhibitors).  The  LNCaP  cells  were 
incubated  on  ice  for  30  minutes  with  vortexing  every  5  minutes  and  then 
centrifuged  at  14,000  rpm  for  10  minutes  at  4°C.  The  protein  concentration 
was  then  determined  using  the  standard  Lowry  method.  Equal  amounts  of 


protein  were  separated  by  SDS-PAGE,  blotted  on  polyvinylidene  difluoride 
membrane,  and  probed  with  phosphorylated  MAPK  family  antibody 
sampler  kit  (Cell  Signaling  Technology,  Danvers,  MA)  or  MAPK  family 
antibody  sampler  kit  (Cell  Signaling  Technology). 

BPD  localization.  In  vivo  imaging:  liposomal  BPD  localization  in 
prostate  tumors  was  imaged  1  hour  after  injection  of  1  mg/kg  BPD  using  a 
microscope  coupled  to  a  high-sensitivity  CCD  camera  (Cascaded  12F, 
Photometries,  Tucson,  AZ).  The  microscope  is  composed  of  ( a )  455-nm  blue 
light-emitting  diode  (Luxeon  LXHL-MRRC,  Lumileds  Lighting,  San  Jose, 
CA),  ( b )  exciter  filter  (455/70,  Chroma  Technology,  Rockingham,  VT),  (c) 
long-distance  objective  (Mitutoyo  M  Plan  Apo  50  x,  Mitutoyo,  Kawasaki, 
Japan),  and  ( d )  emitter  filter  (HQ700/75,  Chroma  Technology).  Images  were 
acquired  with  an  exposure  time  of  200  ms/frame. 

VEGF  immunohistochemistry.  Tumors  were  fixed  in  10%  formalin  and 
embedded  in  paraffin.  Tissue  sections  were  deparaffinized,  subjected  to 
heat-induced  epitope  retrieval,  immersed  30  minutes  in  0.3%  H202  to 
quench  endogenous  peroxidase  activity,  and  blocked  with  normal  mouse 
serum  for  20  minutes  (Vectastain  avidin-biotin  complex  method  kit,  Vector 
Laboratories,  Burlingame,  CA).  Sections  were  then  incubated  overnight  at 
4°C  with  VEGF  antibody  (Santa  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA), 
incubated  with  biotinylated  secondary  antibody  for  30  minutes,  incubated 
with  avidin-peroxidase  conjugate  for  30  minutes,  and  stained  with  3,3  - 
diaminobenzidine  (DakoCytomation,  Carpinteria,  CA)  for  3  minutes. 

ELISA  and  reverse  transcription-PCR.  For  intracellular  VEGF  meas¬ 
urements,  proteins  were  extracted  from  orthotopic  prostate  tumors  or  from 
LNCaP  cells.  Briefly,  frozen  tumors  were  pulverized  to  powder  in  a  tissue 
homogenizer  and  thawed  in  1  mL/mg  lysis  buffer.  LNCaP  cells  were 
resuspended  directly  in  the  lysis  buffer.  The  protein  concentration  was 
determined  using  a  standard  Lowry  method.  For  secreted  VEGF  measure¬ 
ments,  cell  medium  was  collected  and  centrifuged  to  remove  cell  debris. 
Viable  cells  were  then  counted  using  trypan  blue.  A  human  VEGF  DuoSet 
ELISA  Development  System  (R&D  Systems,  Minneapolis,  MN)  was  used  to 
quantify  human  VEGF  levels.  Results  were  normalized  to  protein 
concentrations  or  cell  numbers. 

Total  RNA  was  extracted  from  LNCaP  cells  using  the  RNeasy  Protect  Mini 
kit  (Qiagen,  Inc.,  Valencia,  CA)  according  to  the  manufacturer’s  instruction. 
Possible  genomic  DNA  contamination  was  removed  by  RNase-free  DNase  I 
treatment  (Qiagen).  RNA  concentration  was  estimated  by  reading  the 
absorbance  at  260  nm,  and  RNA  integrity  was  shown  by  1%  agarose  gel 
electrophoresis. 

First-strand  cDNAs  were  synthesized  from  1  pg  total  RNA  using  Moloney 
murine  leukemia  virus  reverse  transcriptase  (Invitrogen)  and  oligo(dT)15 
Primer  (Promega,  Madison,  WI)  according  to  the  manufacturer’s  instruc¬ 
tions.  Human  VEGF-specific  primers  5'-TCGGGCCTCCGAAACCATGA-3' 
(forward)  and  5'-CCTGGTGAGAGATCTGGTTC-3'  (reverse)  were  custom 
synthesized  (Invitrogen)  and  used  at  1  pmol/L  each.  The  forward  primer 
was  located  in  the  S’-flanking  region  of  exon  1  and  the  reverse  primer  in  the 
3  -open  frame  flanking  region.  PCR  amplification  with  these  primers  could 
yield  products  of  772  bp  (VEGF206),  721  bp  (VEGF189),  649  bp  (VEGF165),  580 
bp  (VEGF145),  and  517  bp  (VEGF121).  The  following  conditions  were  used: 
94  °C  for  5  minutes  followed  by  30  cycles  of  amplification  (94  °C  for  30 
seconds,  58  °C  for  30  seconds,  and  72  °C  for  30  seconds)  and  a  final  72  °C 
extension  for  7  minutes.  PCRs  were  electrophoresed  through  an  ethidium 
bromide-stained  3%  agarose  gel.  The  bands  were  analyzed  by  densitometry. 
The  housekeeping  gene  glyceraldehyde-3-phosphate  dehydrogenase  ( GAPDH ) 
was  amplified  as  a  control  using  the  following  primers:  5  - GTT C G AC AGT- 
CAGCCGCATG-3'  (forward)  and  5'-GGAATTTGCCATGGGTGGA-3'  (re¬ 
verse)  at  0.2  pmol/L  each.  The  PCR  conditions  used  were  the  same  as 
those  described  for  the  amplification  of  VEGF. 

Photodynamic  therapy.  For  in  vitro  PDT,  0.15  x  106  LNCaP  cells  were 
grown  on  a  35-mm  culture  dish  for  24  hours  and  incubated  with  BPD 
(140  nmol/L)  in  1  mL  complete  medium  for  1  hour.  Incubation  medium  was 
replaced  with  2  mL  fresh  complete  medium.  Irradiation  was  done  using 
a  690-nm  diode  laser  (High  Power  Devices,  Inc.,  North  Brunswick,  NJ). 
At  24  hours  following  irradiation,  cell  viability  was  measured  using  the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  assay  (24).  For 
in  vivo  PDT,  liposomal  BPD  was  injected  in  the  tail  vein  of  mice  1  hour 
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before  irradiation.  Before  irradiation,  a  laparotomy  was  done  and  the 
prostate  tumor  was  exposed.  The  tumor  was  irradiated  at  a  fluence  of  50  J/ 
cm2,  with  a  fluence  rate  of  100  mW/cm2.  The  incision  was  then  closed. 
Twenty-four  hours  after  treatment,  the  animals  were  euthanized  and  the 
tumors  were  collected. 

Transfection  and  luciferase  assay.  For  all  transfections,  0.25  X  106 
LNCaP  cells  in  35-mm  dishes  were  transfected  using  Lipofectin  (Invitrogen). 
At  24  hours  after  transfection,  the  cells  were  PDT  treated.  Twenty-four 
hours  after  treatment,  cell  medium  was  collected  and  analyzed  by  ELISA  or 
cells  were  lysed  and  luciferase  was  measured  using  the  Luciferase  Assay 
System  (Promega).  Duplex  HIF-la  RNA  interference  (RNAi)  was  designed 
using  BLOCK-iT  RNAi  Designer  (Invitrogen)  as  follows:  5-CCAUGAG- 
GAAAUGAGAGAAAUGCUU-3,  recognizes  the  open  reading  frame  (ORF)  of 
HIF-la  at  position  704,  a  control  duplex  RNAi,  based  on  the  scrambled 
sequence  of  HIF-la  RNAi  (5'-CCAAGGAGUAAGAGAUAAAGGUCUU-3')  was 
also  designed.  Both  RNAi  were  ordered  from  Invitrogen,  and  100  pmol  were 
used  for  transfection. 

Statistical  evaluation.  Data  represented  as  mean  ±  SE  of  three 
independent  experiments.  A  comparison  of  VEGF  production  by  ELISA 
between  PDT  and  light  only  or  BPD  only  was  calculated  by  unpaired 
Student’s  t  test,  and  a  mixed  effects  model  for  repeated  measures  analysis 
was  used  for  in  vivo  measurements  comparisons.  P  <  0.05  was  considered 
statistically  significant. 


Results 

VEGF  Secretion  and  Transcription  Are  Increased  by 

Sublethal  PDT 

In  the  LNCaP  cells,  BPD  is  localized  in  the  mitochondria  and  also 
in  the  cytosol  (data  not  shown).  This  extramitochondrial 
localization  suggests  that  PDT  could  also  affect  cytoplasmic 
molecules.  PDT  of  LNCaP  cells  with  different  light  doses  showed 
that  LNCaP  cells  are  highly  susceptible  to  PDT  killing.  The  very  low 
light  dose,  0.25  J/cm2,  kills  ~  10%  of  cells,  whereas  the  1.25  J/cm2 
dose  kills  ~  90%  of  cells.  To  study  the  molecular  response  of  cells 
that  have  been  subjected  to  PDT  but  not  enough  to  kill  them,  we 
chose  the  two  subcurative  doses,  0.25  and  0.5  J/cm2.  These  doses 
kill  ~  10%  and  40%  of  cells,  respectively  (data  not  shown).  The  time 
course  analysis  of  VEGF  release  at  8,  16,  and  24  hours  following 
PDT  with  the  two  subcurative  doses  is  presented  in  Fig.  L4;  results 
were  normalized  to  cell  number.  Treatment  with  0.25  and  0.5  J/cm2 
led  to  a  1.6-  and  2.1-fold  increase  (P  <  0.01;  Fig.  1  A)  in  VEGF, 
respectively,  when  compared  with  light  only  or  to  BPD  only  24 
hours  after  treatment.  Viability  assay  showed  that  cell  death 
following  BPD-PDT  occurs  before  8  hours  and  that  the  number 
of  cells  for  each  group  does  not  significantly  vary  between  8  and 
24  hours  (data  not  shown).  Furthermore,  because  there  is  no 
increase  in  VEGF  after  8  or  16  hours  (Fig.  L4),  this  suggests  that  the 
observed  increase  in  VEGF  following  PDT  is  not  due  to  the  release 
of  intracellular  VEGF  from  dead  cells. 

To  determine  the  mechanism  of  this  increase,  PDT-treated 
LNCaP  cells  were  collected  24  hours  following  treatment,  and 
intracellular  VEGF  levels  were  measured  by  ELISA.  The  results  were 
normalized  to  protein  concentration  (Fig.  IB).  A  significant 
increase  (P  <  0.05)  in  intracellular  VEGF  at  0.5  J/cm2  (1.4-fold) 
was  observed  (Fig.  IB).  Surprisingly,  despite  an  increase  of  VEGF 
in  the  cell-conditioned  medium  after  the  lower  dose  treatment 
(0.25  J/cm2),  there  was  no  significant  increase  in  the  intracellular 
VEGF  protein  levels.  To  establish  the  mechanism  of  this  increase, 
we  used  primers  specific  for  exons  1  and  8  of  the  VEGF  gene  to 
determine  VEGF  mRNA  levels  following  PDT.  As  described 
previously  (25),  these  primers  can  amplify  all  possible  isoforms  of 
VEGF.  Figure  1C  shows  a  representative  picture  of  a  reverse 


Figure  1.  Increase  of  released  and  intracellular  VEGF  protein  and  mRNA 
following  PDT.  A,  time  course  analysis  of  PDT  induced  VEGF  release.  At  8,  16, 
and  24  hours  after  PDT,  secreted  VEGF  was  measured  by  ELISA  in  the  cell 
medium.  Values  are  normalized  relative  to  cell  number.  A  statistically  significant 
increase  in  secreted  VEGF  is  measured  24  hours  after  PDT.  *,  P  <  0.01,  when 
compared  with  light  only  ( LO )  or  to  BPD  only  (BO).  B,  24  hours  after  PDT, 
intracellular  VEGF  was  measured  by  ELISA  and  a  statistically  significant 
increase  was  measured  only  with  the  0.5  J/cm2  light  dose.  *,  P  <  0.05,  when 
compared  with  no  treatment  (NT),  light  only,  or  BPD  only.  Values  are  normalized 
relative  to  protein  concentration.  C,  representative  agarose  gel  analyzing 
RT-PCR  products  for  VEGF  (517,  580,  and  649  bp  corresponding,  respectively, 
to  the  121,  145,  and  165  protein  isoforms;  top  gel)  or  GAPDH  ( bottom  gel). 

All  VEGF  isoforms  are  increased  following  0.5  J/cm2  treatment.  D,  relative  levels 
of  VEGF  were  determined  by  RT-PCR  analysis.  The  results  are  expressed  as 
fold  induction  of  VEGF  mRNA  after  calculating  VEGF  to  GAPDH  ratio.  There 
is  a  statistically  significant  -  1.5-fold  induction  in  all  VEGF  isoforms  following 
0.5  J/cm2  treatment.  *,  P  <  0.01 ,  when  compared  with  no  treatment,  light  only, 
or  BPD  only.  No  treatment  was  arbitrarily  set  at  1 .  Columns,  mean  of  three 
independent  experiments;  bars,  SE. 


transcription-PCR  (RT-PCR)  experiment  following  PDT.  Only 
three  isoforms  of  VEGF  are  expressed  in  LNCaP  cells:  VEGFm, 
VEGF14S,  and  VEGF165,  with  VEGF12i  being  the  most  abundant  and 
VEGF145  being  the  least  abundant.  With  the  0.5  J/cm2  treatment, 
all  three  VEGF  isoforms  are  increased  (Fig.  1C).  Figure  ID  shows 
the  average  fold  induction  of  each  VEGF  isoform  following  GAPDH 
normalization.  All  three  isoforms  detected  are  increased  but  only 
following  the  0.5  J/cm2  PDT.  Concordant  with  intracellular  protein 
levels,  there  is  a  significant  (P  <  0.01)  increase  in  mRNA  levels  of 
VEGF  |2|,  VEGF146,  and  VEGF166  (1.5-,  1.5-,  and  1.6-fold  increase, 
respectively,  when  compared  with  no  treatment).  However,  because 
it  is  known  that  VEGF  can  be  regulated  at  both  transcriptional 
(26,  27)  and  post-transcriptional  levels  (27-29)  from  these  experi¬ 
ments,  we  cannot  exclude  either  mechanism. 

In  vivo  Effects  of  PDT 

To  study  the  in  vivo  effect  of  subcurative  PDT,  we  have  used  an 
orthotopic  prostate  cancer  model  that  was  shown  to  more  reliably 
mimic  pathologic  conditions  than  ectopic  models  (21,  30,  31). 
Three  weeks  after  LNCaP  injection,  a  0.1-  to  0.2-cm3  tumor  will 
develop  in  90%  of  cases.  For  in  vivo  studies,  we  have  used  the  Food 
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Figure  2.  Immunohistochemical  staining  of 
VEGF  protein  in  orthotopic  prostate  tumors. 
Microsections  of  tumors  were  stained  with 
H&E  (top)  or  VEGF  antibody  and  hematoxylin 
(bottom).  A,  no  treatment.  B,  BPD  only,  C,  PDT. 
Following  subcurative  PDT,  there  is  an  increase 
in  VEGF.  Arrows,  area  of  cell  death  and  RBC 
infiltration  indicative  of  vascular  destruction  (C). 
Magnification,  x20. 


and  Drug  Administration- approved  liposomal  formulation  of  BPD 
(verteporfin)  because  tumor  accumulation  was  shown  to  be 
increased  in  vivo  when  compared  with  its  nonliposomal  formula¬ 
tion  (1).  For  subcurative  treatment,  light  was  delivered  with  a 
fluence  rate  of  100  mW/cm2  and  a  total  fluence  of  50  J/cm2.  This 
treatment  was  shown  to  be  subcurative  but  still  causes  significant 
tumor  damage  (data  not  shown).  Therefore,  it  is  ideal  for  the  study 
of  the  response  of  tumors  that  have  been  exposed  to  both 
photosensitizer  and  light  but  not  at  sufficient  levels  to  kill  them. 
Immunohistochemical  analysis  of  tumors  collected  24  hours  after 
treatment  showed  a  more  intense  VEGF  staining  following  PDT 
(Fig.  2,  bottom-,  compare  Fig.  2 C  to  Fig.  2 A  and  B).  Figure  2  (top) 
shows  the  H&E  staining  of  tumor  sections.  There  were  numerous 
necrotic  areas  observed  after  PDT  (Fig.  2C,  top,  arrows)  and  a 
significant  infiltration  of  RBC  indicative  of  effective  treatment.  To 
have  a  more  quantitative  approximation  of  the  VEGF  increase,  we 
collected  proteins  from  tumors  24  hours  after  treatment.  VEGF 
ELISA  was  done,  and  all  results  were  normalized  to  protein 
concentration.  This  ELISA  detects  not  only  intracellular  VEGF  but 
also  cell/extracellular-associated  VEGF.  There  was  a  significant 
(P  <  0.05)  increase  in  VEGF  levels  following  PDT  (1.9-fold  increase 
when  compared  with  BPD  only)  in  orthotopic  prostate  tumors 
(Fig.  3 A),  consistent  with  the  immunohistochemical  observations. 
In  vivo  imaging  of  BPD  1  hour  after  injection  showed  both  a 
vascular  and  an  intratumoral  localization  (Fig.  3C,  right)  of  BPD. 
Therefore,  with  the  experimental  conditions  used  in  this  study,  it  is 
possible  that  hypoxia  (vascular  damage)  and/or  a  direct  effect  of 
BPD  may  be  responsible  for  the  increase  in  VEGF  following  PDT. 

Molecular  Mechanisms  Underlying  PDT  Induction  of 
VEGF 

Sublethal  PDT  increases  transcription  through  a  HIF-lot- 
independent  mechanism.  Hypoxia-induced  stabilization  of  HIF- 
la  followed  by  its  binding  to  the  HRE  in  the  VEGF  promoter  is  a 
major  regulator  of  VEGF  gene  expression  (14).  Because  it  is  well 
documented  that  PDT  consumes  oxygen  and  can  therefore 
generate  hypoxic  conditions  in  vivo  (7-9,  11),  we  decided  to 
evaluate  the  contribution  of  HIF-la  in  the  PDT  induction  of  VEGF. 
LNCaP  cells  were  transiently  transfected  with  a  luciferase- 
expressing  plasmid  under  the  control  of  the  HRE  (p5HRE-Luc). 
An  increase  in  luciferase  following  PDT  would  indicate  activation 
of  HIF-la;  however,  we  did  not  measure  any  increase  in  luciferase 


24  hours  after  treatment  (data  not  shown).  We  have  also  measured 
luciferase  activity  at  4,  8,  and  16  hours  after  PDT,  but  we  did  not 
detect  any  increase  in  luciferase  at  these  various  times  either  (data 
not  shown).  However,  treatment  with  cobalt  chloride,  which  has 
been  shown  to  stabilize  HIF-la  (12),  induced  a  2-fold  increase  in 
luciferase  (data  not  shown).  It  is  well  established  that  HIF-la 
activation  can  be  rapid  and  transient  (32),  and  it  is  possible  that 


Figure  3.  In  vivo  PDT  increases  VEGF.  A,  24  hours  following  treatment, 
orthotopic  prostate  tumors  were  collected,  proteins  were  extracted,  and 
VEGF  levels  were  measured  by  ELISA.  Values  are  normalized  relative  to 
protein  concentration.  Columns,  mean  of  six  animals  for  each  group;  bars,  SE. 
*,  P  <  0.05,  a  statistically  significant  increase  was  measured  following  PDT. 

In  vivo  localization  of  liposomal  BPD  1  hour  after  injection  in  prostate  tumors. 

B  and  C,  left,  autofluorescence  imaging  before  and  after  photosensitizer 
injection,  showing  vasculature  (dark).  B  and  C,  right,  fluorescence  imaging 
before  and  after  photosensitizer  injection,  showing  vascular  and  intratumoral 
fluorescence  of  liposomal  BPD. 
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PDT  activation  of  HIF-la  occurred  transiently  and  below  our 
threshold  of  detection.  Consequently,  we  designed  a  RNAi  to  inhibit 
endogenous  HIF-la.  HIF-la  RNAi  recognizes  the  ORF  of  HIF-la  at 
position  +704.  We  also  designed  a  control  RNAi  based  on  the 
scrambled  sequence  of  HIF-la  RNAi.  Because  the  detection  of  the 
HIF-la  protein  is  difficult  in  LNCaP  cells,  we  cotransfected  LNCaP 
cells  with  p5HRE-Luc  together  with  a  HIF-la  expression  plasmid 
and  HIF-la  RNAi  or  control  RNAi.  We  measured  a  10-fold  increase 
in  luciferase  activity  with  the  HIF-la  expression  vector  and  no 
effect  of  the  control  RNAi.  On  the  other  hand,  this  induction  is 
abolished  in  the  presence  of  HIF-la  RNAi,  confirming  the  efficacy 
of  our  RNAi.  No  effect  was  observed  with  the  HRE-independent 
plasmid  pSV40-Luc.  Next,  we  did  PDT  24  hours  after  transfection  of 
HIF-la  RNAi.  Twenty-four  hours  after  PDT,  cell-conditioned 
medium  was  collected  and  assayed  for  VEGF.  Figure  4 A  shows 
an  increase  in  VEGF  after  PDT  even  in  the  presence  of  HIF-la 
RNAi.  Transfection  efficiency  in  the  presence  of  HIF-la  RNAi  is 
~  90%  (data  not  shown).  Together,  these  results  suggest  a  HIF-  la- 
independent  mechanism  of  VEGF  increase  after  PDT. 

Subcurative  PDT  activation  of  VEGF  through  a  MAPK 
pathway.  It  was  recently  shown  that  PDT  could  induce  COX-2 
and  subsequently  lead  to  an  increase  in  VEGF  (19,  23).  However, 
Western  blot  analysis  of  COX-2  levels  following  subcurative  PDT  in 
the  LNCaP  cell  lines  did  not  show  any  induction  (data  not  shown). 
We  have  also  used  the  COX-2  inhibitor,  NS-398,  to  test  the 
contribution  of  COX-2  in  VEGF  induction  after  PDT.  As  shown  in 
Fig.  4 B,  there  is  an  increase  in  VEGF  after  PDT  even  in  the  presence 
of  the  COX-2  inhibitor,  suggesting  a  different  pathway  for  VEGF 
induction.  It  has  also  been  shown  that  PDT  can  activate  the  PI3K/ 
AKT  pathway.  Furthermore,  this  pathway  can  also  lead  to  VEGF 
induction  (33).  Western  blot  analysis  did  not  show  any  activation  of 
this  pathway  at  30  minutes  or  1,  2,  or  24  hours  (data  not  shown) 
after  PDT  in  the  LNCaP  cell  line.  Furthermore,  inhibition  of  the 
PI3K/AKT  pathway  with  the  specific  inhibitor  LY  294002  did  not 


inhibit  PDT  induction  of  VEGF  (Fig.  4C).  Next,  we  evaluated  the 
contribution  of  the  MAPK  pathways  in  PDT  induction  of  VEGF. 
Western  blot  analysis  using  phosphorylation-specific  MAPK  anti¬ 
bodies  showed  an  activation  of  the  PI3K/JNK  pathway  and  the  p38 
MAPK  pathway  at  30  minutes  and  1  and  2  hours  following 
treatment  (Fig.  5 A).  No  activation  of  the  p44/42  MAPK  pathway 
could  be  detected  at  any  time  point  (data  not  shown).  Finally,  we 
used  specific  MAPK  inhibitors  to  study  VEGF  induction  after  PDT. 
As  expected,  the  p44/42  inhibitor  (PD  98059)  had  no  effect  on 
VEGF  synthesis  (Fig.  4 D).  However,  only  the  p38  MAPK  inhibitor 
(SB  202190)  inhibited  VEGF  synthesis  after  PDT  (Fig.  5C),  whereas 
the  JNK  inhibitor  (SP  600125)  had  no  effect  on  PDT  induction  of 
VEGF  (Fig.  5 B). 

Discussion 

PDT  is  an  emerging  modality  for  the  treatment  of  various 
neoplastic  and  nonneoplastic  pathologies.  The  feasibility  of  using 
PDT  for  the  treatment  of  recurrent  prostate  cancer  has  previously 
been  established  (5,  6)  and  is  now  in  early  phase  clinical  trials  (34). 
Most  initial  PDT-prostate  cancer  studies  were  interested  in 
feasibility  and  efficacy  (35).  Due  to  the  limited  penetration  depth 
of  light  in  tissue  and  to  the  nonhomogenous  distribution  of  the 
photosensitizer  in  the  tumor,  some  areas  receive  suboptimal  PDT 
(either  not  enough  light  or  not  enough  photosensitizer  or  both). 
The  relevance  of  the  current  study  concerns  suboptimal  PDT,  with 
our  investigation  of  the  biological  response  of  tumor  cells  that  have 
received  sublethal  PDT.  Consistent  with  the  findings  of  previous 
studies  that  showed  that  PDT  induces  VEGF  in  s.c.  models  (16),  this 
study  shows  that  sublethal  and  subcurative  PDT  induces  VEGF 
secretion  in  LNCaP  cell  cultures  as  well  as  in  an  orthotopic  model 
of  prostate  cancer. 

In  vivo  experiments  were  done  1  hour  after  injection  of  liposomal 
BPD.  At  this  specific  time,  the  photosensitizer  is  localized  in  the 


Figure  4.  PDT  increases  VEGF  in  a 
HIF-la-,  COX-2- ,  AKT-,  and  p44/42- 
independent  mechanism.  A,  to  test  the 
effect  of  HIF-la  on  VEGF  secretion 
following  PDT,  LNCaP  cells  were 
transfected  with  HIF-la  RNAi.  Twenty-four 
hours  after  transfection,  PDT  was  done. 
Twenty-four  hours  later,  VEGF  was 
measured  using  ELISA.  There  is  an 
increase  in  VEGF  secretion  even  in  the 
presence  of  HIF-la  RNAi,  suggesting 
a  HIF-la-independent  mechanism  of 
regulation.  B,  LNCaP  cells  were  incubated 
with  10  pmol/L  of  the  COX-2  inhibitor 
NS-398  or  with  10  |imol/L  of  the  AKT 
inhibitor  LY  294002  (C)  or  with  10  pmol/L 
of  the  p44/p42  inhibitor  PD  98059  (D) 

24  hours  before  PDT.  Twenty-four  hours 
after  PDT,  VEGF  was  measured  using  an 
ELISA.  Even  in  the  presence  of  the 
inhibitors,  there  is  an  increase  in  VEGF 
secretion  after  PDT.  Columns,  mean  of 
three  independent  experiments;  bars, 

SE.  Asterisk,  statistically  significant 
difference  (P  <  0.01)  when  compared 
with  light  only  (A-D)  and  statistically 
significant  difference  (P  <  0.05)  when 
compared  with  BPD  only  for  (A,  C,  and  D). 
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Figure  5.  Subcurative  PDT  increases  VEGF  through  a 
p38  MAPK  pathway.  Proteins  were  extracted  30  minutes 
and  1  and  2  hours  following  subcurative  PDT  of  LNCaP 
cells.  Equal  amounts  of  protein  lysates  were  assayed 
for  the  levels  of  phosphorylated  p38  MAPK  (top)  or  for 
phosphorylated  SAPK/JNK.  The  levels  of  p38  MAPK 
and  SAPK/JNK  were  also  measured  for  total  protein. 

A,  there  is  an  increase  in  phosphorylated  p38  and  in 
SAPK/JNK  following  PDT,  indicating  activation  of  the 
p38  MAPK  and  of  the  SAPK/JNK  MAPK  pathways. 
LNCaP  cells  were  incubated  with  1,  5,  or  10  pmol/L  of 
the  SAPK/JNK  inhibitor  SP  600125  (B)  or  with  5,  10, 
or  30  pmol/L  of  the  p38  MAPK  inhibitor  SB  202190  (C) 
for  24  hours  before  PDT.  Twenty-four  hours  after  PDT, 
VEGF  was  measured  using  an  ELISA.  PDT  induction 
of  VEGF  was  abolished  only  in  the  presence  of  the  p38 
MAPK  inhibitor.  Columns,  mean  of  three  independent 
experiments;  bars,  SE.  *,  P  <  0.05,  statistically  significant 
difference  when  compared  with  light  only  or  to  BPD  only. 


vasculature  but  also  starts  to  accumulate  in  the  tumors  (Fig.  3 C, 
right).  The  localization  of  the  photosensitizer  at  the  time  of 
irradiation  is  an  important  determinant  of  the  mode  of  tumor 
destruction.  In  a  recent  study,  Chen  et  al.  (36)  showed  that  BPD-PDT 
15  minutes  after  injection  of  the  photosensitizer  induced  endothe¬ 
lial  cell  damage,  causing  vascular  leakage,  thrombi  formation,  and, 
eventually,  vascular  shutdown.  Therefore,  a  vascular  photosensitizer 
at  the  time  of  treatment  will  induce  vascular  shutdown,  efficiently 
starving  the  tumor,  whereas  an  intratumoral  photosensitizer  will 
cause  tumor  cell  apoptosis  or  necrosis  (37).  Consequently, 
subcurative  PDT  with  a  vascular  photosensitizer  could  induce 
tumor  hypoxia,  leading  to  an  increase  in  VEGF  production.  On  the 
other  hand,  subcurative  PDT  with  an  intratumoral  photosensitizer 
could  induce  signaling  pathways,  leading  to  VEGF  increase. 
Therefore,  PDT  1  hour  following  injection  would  lead  to  both 
direct  tumor  destruction  and  indirect  destruction  through  vascular 
shutdown. 

Studies  by  Ferrario  et  al.  showed  that  tumoricidal  action  of  PDT 
was  enhanced  by  antiangiogenic  treatment  (16)  and  COX-2 
inhibition  (19,  23)  initiated  at  the  time  of  PDT.  Inhibition  of  VEGF 
action  was  investigated  in  a  separate  study,3  where  the  angiogen¬ 
esis  inhibitor,  TNP-470,  was  used  in  combination  with  PDT  to  treat 
orthotopic  prostate  cancer  models.  We  observed  an  increased  in 
treatment  efficacy  in  terms  of  both  local  control  and  distant 
metastasis.  Taken  together,  these  studies  suggest  that  angiogenesis 
inhibition  in  combination  with  PDT  improves  therapeutic  out¬ 
come.  However,  these  studies  also  suggest  that  a  mechanistic-based 
approach  that  directly  inhibits  VEGF  secretion  from  cancer  cells 
could  have  greater  therapeutic  potential. 


3  Manuscript  in  preparation. 


On  the  mechanistic  side,  at  a  low  PDT  dose,  VEGF  increase  is 
independent  of  protein  synthesis,  whereas,  at  the  higher  light  dose, 
an  increase  in  VEGF  mRNA  is  observed  (Fig.  15  and  D).  This 
suggests  that  the  increase  at  the  low  light  dose  could  be  caused  by 
the  release  of  VEGF  isoforms  bound  to  the  cell  surface.  Although 
there  are  no  reports  on  the  direct  effect  of  PDT  on  proteoglycan,  it 
is  well  documented  that  PDT  can  affect  the  cell  membrane  (38,  39). 
Subcellular  localization  of  BPD  showed  not  only  a  mitochondrial 
accumulation  but  also  a  cytosolic  accumulation;  it  is  therefore 
possible  that  activated  BPD  releases  membrane-bound  VEGF. 

A  single  VEGF  gene  encodes  multiple  isoforms  generated  from 
alternative  splicing  (40).  The  VEGF  gene  contains  8  exons,  and  the 
various  isoforms  differ  by  the  presence  or  absence  of  sequences 
encoded  by  exons  6  and  7.  These  isoforms  differ  in  their  ability  to 
bind  heparan  sulfate  proteoglycan  found  on  cell  surfaces  as  well  as 
in  the  extracellular  matrix  (41).  VEGFm  does  not  bind  to  heparan 
sulfate  proteoglycan  and  is  freely  secreted  (42),  whereas  VEGF145 
and  VEGF165  are  able  to  bind  heparan  sulfate  proteoglycan  and  can 
be  associated  with  the  cell  surface  and  extracellular  matrix  (41).  We 
have  shown  that  LNCaP  cells  express  three  of  the  VEGF  isoforms: 
VEGF  1 2 1 .  VEGF14S,  and  VEGF165  (Fig.  1C).  It  is  therefore  probable 
that  some  of  the  secreted  VEGF  remains  bound  to  the  surface  of 
LNCaP  cells. 

To  further  probe  the  mechanism  of  VEGF  induction  and 
secretion,  we  investigated  various  cell  signaling  pathways  that 
could  contribute  to  an  increase  in  VEGF.  The  first  pathway 
investigated  was  the  hypoxia-inducible  pathway  mediated  by  HIF- 
la.  It  is  well  documented  that  VEGF  can  be  regulated  by  this 
pathway  under  hypoxic  conditions  (14).  Furthermore,  because  PDT 
is  an  02-consuming  modality  (7,  8)  and  an  increase  in  HIF-la  has 
been  previously  reported  by  Ferrario  et  al.  (16),  this  seemed  like  the 
most  logical  choice  with  which  to  start  our  investigation. 
Somewhat  to  our  surprise,  negative  data  were  obtained  with  the 
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luciferase  reporter  plasmid  and  with  HIF-la  RNAi.  This  excludes 
the  possibility  of  the  activation  of  HIF-la  by  PDT,  suggesting  a  HIF- 
la-independent  mechanism  of  VEGF  secretion  in  LNCaP  cells 
in  vitro.  A  PDT  induction  of  COX-2  that  subsequently  led  to  an 
increase  in  VEGF  has  previously  been  reported  (19,  23).  In  contrast 
to  these  studies,  we  were  not  able  to  detect  any  COX-2  activation 
following  PDT  in  the  LNCaP  cell  line,  and  the  use  of  a  COX-2 
inhibitor  had  no  effect  on  the  induction  of  VEGF  following  PDT. 
Our  results  suggest  that,  in  the  LNCaP  cell  line,  the  induction  of 
VEGF  is  independent  of  COX-2.  It  is  important  to  note  that  the 
study  by  Ferrario  et  al.  used  the  photosensitizer  Photofrin  to  treat  a 
mouse  mammary  carcinoma,  whereas,  in  our  study,  we  used  the 
photosensitizer  BPD  to  treat  a  human  prostate  cancer.  It  is  likely 
that  different  photosensitizer  and  different  cell  types  induce  VEGF 
via  different  pathways.  These  differences  underscore  the  impor¬ 
tance  of  the  fact  that  PDT  responses  cannot  be  viewed  as  generic 
but  are  instead  system  specific.  In  fact,  the  specificity  of  the 
mechanistic  pathways  that  lead  to  VEGF  induction  was  further 
shown  when  the  MAPK  pathways  were  investigated. 

VEGF  is  also  under  the  control  of  MAPKs  (26,  27),  and  because 
PDT  has  been  shown  to  activate  MAPKs  (43,  44),  we  evaluated  the 
activation  of  various  MAPK  family  members  following  PDT  in 
LNCaP  cells.  An  increase  in  phosphorylated  p38  and  stress- 
activated  protein  kinase  (SAPK)/JNK  was  measured  following 
treatment  but  not  in  the  p44/42  MAPK  pathway.  The  use  of  specific 
MAPK  inhibitors  showed  the  involvement  of  the  p38  MAPK 
pathway  in  the  induction  of  VEGF  following  PDT.  It  has  previously 
been  shown  that  the  p38  MAPK  pathway  as  well  as  the  SAPK/JNK 
pathway  can  increase  VEGF  mRNA  stability  (26,  27).  Therefore,  it  is 
possible  that  the  measured  increase  in  VEGF  mRNA  is  due  to  an 
increase  in  its  stability. 

Numerous  studies  have  reported  a  biological  response  of  cells 
following  PDT,  such  as  a  decrease  in  cell  adhesion  (45,  46),  an 
increase  in  cytokines  production  (47),  and  an  increase  in  heat 


shock  proteins  (48).  This  study  describes  the  effect  of  subcurative 
PDT  on  prostate  cancer  cells  and  reports  an  increase  in  VEGF  both 
in  vitro  and  in  vivo  in  an  orthotopic  prostate  cancer  model.  It  was 
previously  reported  that  COX-2  induces  VEGF  secretion  (19,  23). 
However,  in  the  prostate  cancer  cell  lines,  this  increase  is  HIF-la, 
COX-2,  extracellular  signal-regulated  kinase,  and  AKT  independent 
On  the  other  hand,  subcurative  PDT  activates  both  the  p38  MAPK 
and  the  SAPK/JNK  pathway,  but  only  inhibition  of  p38  MAPK 
abrogates  PDT  induction  of  VEGF  secretion.  The  results  shown 
establish  the  molecular  pathway  for  subcurative  PDT  induction  of 
VEGF  in  prostate  cancer  cells  and  should  be  useful  in  the 
development  of  molecular-based  intervention  for  enhancing  PDT. 
The  best  treatment  outcomes  from  cancer  treatments  are 
increasingly  recognized  as  resulting  from  combination  treatments 
based  on  an  understanding  of  molecular  pathways  that  promote 
tumorigenesis  (49).  The  details  of  the  clinical  relevance  of  the 
induction  of  VEGF  by  PDT  are  currently  under  investigation,  but 
this  induction  could  contribute  to  tumor  survival  and  regrowth 
and  therefore  could  be  one  of  the  factors  impairing  PDT  from 
achieving  its  full  tumoricidal  potential.  This  deduction  is  supported 
by  the  improved  tumor  treatment  response  to  PDT  in  combination 
with  antiangiogenic  agents  (16,  50).  In  conclusion,  rational 
combinations  with  appropriate  mechanism-based  interventions 
specific  to  the  system  being  treated  with  PDT  could  significantly 
improve  therapeutic  outcomes. 
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Abstract 

Therapy-induced  stimulation  of  angiogenic  molecules  can  promote  tumor  angiogenesis 
leading  to  enhanced  tumor  growth  and  cancer  metastasis.  A  number  of  standard  and  emerging 
therapies,  such  as  radiation  and  photodynamic  therapy  (PDT),  can  induce  angiogenic  molecules, 
thus  limiting  their  effectiveness.  PDT  is  approved  for  the  treatment  of  a  number  of  cancers, 
however,  its  induction  of  VEGF  creates  conditions  favorable  to  enhanced  tumor  growth  and 
metastasis,  therefore  mitigating  its  cytotoxic  and  antivascular  effects.  This  is  the  first  report 
demonstrating  that  subcurative  PDT  in  an  orthotopic  model  of  prostate  cancer  (LNCaP)  not  only 
increases  VEGF  secretion  (2.1 -fold),  but  also  increases  the  fraction  of  animals  with  lymph  node 
metastases.  PDT  followed  by  administration  of  an  antiangiogenic  agent,  TNP-470,  abolished  this 
increase  and  reduced  local  tumor  growth.  On  the  other  hand,  administration  of  TNP-470  before 
PDT  was  less  effective  at  local  tumor  control.  In  addition,  animals  in  all  groups  except  in  the 
PDT  +  TNP-470  group,  had  a  weight  loss  of  >  3  g  at  the  time  of  sacrifice;  the  weight  of  the 
animals  in  the  PDT  +  TNP-470  group  did  not  change.  The  significant  reduction  (P  <  0.05)  in 
tumor  weight  and  volume  observed  between  the  PDT  +  TNP-470  group  and  the  control  group 
suggests  that  the  combination  of  PDT  and  antiangiogenic  treatment  administered  in  the 
appropriate  sequence  was  not  only  more  effective  at  controlling  local  tumor  growth  and 
metastases,  but  also  reduced  disease-related  toxicities.  Such  molecular  response-based 
combinations  merit  further  investigations  as  they  enhance  both  monotherapies  and  lead  to 
improved  treatment  outcomes. 
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Introduction 


Photodynamic  therapy  (PDT)  consists  of  the  systemic  or  local  administration  of  a 
photosensitizer  (PS)  and  its  subsequent  activation  by  visible  light.  In  the  presence  of  oxygen, 
activated  PS  can  generate  reactive  oxygen  species  that  are  toxic  to  the  tumor  (1,2).  With  the  use 
of  modem  fiber-optic  systems  and  various  types  of  endoscopy,  light  can  now  be  targeted 
accurately  to  almost  any  part  of  the  body,  significantly  increasing  the  number  of  PDT 
applications.  PDT  is  approved  as  a  first  line  treatment  for  Age  Related  Macular  Degeneration 
and  for  a  variety  of  cancers  (3).  Porfimer  sodium  (Photofrin®,  PF)  is  approved  for  use  in 
advanced  and  early-stage  lung  cancers,  superficial  gastric  cancer,  esophageal  adenocarcinoma, 
cervical  cancer,  bladder  cancer  and  Barrett’s  esophagus.  Temoporfin,  another  PS,  is  approved  in 
Europe  for  the  palliative  treatment  of  head  and  neck  cancers.  Topically  applied  photosensitizers 
are  also  approved  for  the  treatment  of  actinic  keratosis  and  basal  cell  carcinomas.  PDT  is  also 
under  investigation  for  the  treatment  of  other  neoplasias  (2,  4),  and  the  feasibility  of  using  PDT 
for  the  treatment  of  localized  recurrent  prostate  cancer  has  also  been  previously  demonstrated 
and  may  be  a  viable  treatment  option  (5-7). 

As  PDT  becomes  more  of  a  mainstream  treatment  option  for  early  cancers,  it  is  important 
to  understand  the  factors  that  might  mitigate  its  tumoricidal  effect.  We  have  previously  reported 
an  increase  in  the  number  of  lung  metastases  following  subcurative  BPD-PDT  in  a  highly 
aggressive  prostate  cancer  model  (8).  More  recently,  we  and  others  have  reported  an  increase  in 
the  synthesis  and  secretion  of  VEGF  following  subcurative  PDT  (9-11).  The  molecular  responses 
of  PDT-treated  tumors  have  been  investigated  in  order  to  design  novel  mechanism-based 
treatment  regimens  to  improve  PDT  efficacy  and  long-term  patient  health.  Along  these  lines, 
Ferrario  et  al.  have  shown  an  increase  in  HIFl-a  following  PF  mediated  PDT  of  a  subcutaneous 
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BA  mouse  mammary  carcinoma  (12)  and  an  increase  in  COX-2  following  PDT  (11)  leading  to 
an  increase  in  VEGF.  On  the  other  hand,  we  recently  showed  that  in  the  LNCaP  prostate  cancer 
cell  line  the  VEGF  increase  following  BPD-PDT  occurred  independently  of  HIF-la  and  COX-2, 
but  was  induced  by  the  p38  MAP  kinase  pathway  (9).  Taken  together,  these  results  suggest  that 
tumor  responses  to  PDT  at  the  molecular  level  are  not  generic  but  probably  depend  on  the  tumor 
type,  the  site  of  implantation  and  the  PS  used  for  treatment.  These  observations  prompted  the 
current  study,  which  to  our  knowledge,  is  the  first  report  of  the  effect  of  subcurative  PDT  not 
only  on  VEGF  induction,  but  also  on  lymph  node  metastasis  in  an  orthotopic  model  of  prostate 
cancer  using  the  LNCaP  cells,  a  human  cell  line. 

In  addition  to  the  well  documented  increase  in  angiogenesis  (13,  14)  and  in  VEGF  (9,  12) 
following  subcurative  PDT,  many  other  molecules,  such  as  IL-8,  FGF  2,  EGF,  and  PDGF  can 
also  promote  angiogenesis  (reviewed  in  (15)),  and  some  of  these  cytokines  are  known  to  be 
upregulated  following  PDT  in  vitro  (16,  17).  In  the  current  study  we  decided  to  use  TNP-470,  a 
molecule  that  inhibits  the  action  of  VEGF  (angiogenesis),  instead  of  a  molecule  specific  to 
VEGF.  TNP-470  is  a  synthetic  analog  of  fumagillin,  which  strongly  inhibits  vascular  endothelial 
cell  proliferation  and  migration  (18)  by  blocking  methionyl  aminopeptidase-2  (MetAP2). 
Furthermore,  TNP-470  is  under  phase  1  clinical  trial  for  the  treatment  of  prostate  cancer  (19-21). 
We  hypothesized  that  the  combination  of  TNP-470  and  PDT  may  improve  local  control  and 
reduce  metastasis. 

Disease  processes  in  cancer  are  complex,  and  single  treatment  modalities  may  not  be 
totally  effective.  However,  rationally  designed,  mechanism-based  combination  therapies,  may 
have  greater  chance  of  success.  The  results  presented  in  this  study  demonstrate  that  an 
understanding  of  factors  that  limit  PDT  efficacy  could  lead  to  novel  combination  therapies  that 
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improve  treatment  outcome  not  only  in  terms  of  local  tumor  control  but  also  by  inhibiting 
metastasis  and  by  reducing  disease  related  toxicities. 
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Material  and  methods 


Cell  culture  and  reagents 

LNCaP,  human  prostate  carcinoma  cells,  were  obtained  from  ATCC.  Monolayer  cultures  were 
incubated  in  RPMI-1640  (Mediatech,  Herndon,  VA)  supplemented  with  10%  FCS  (Invitrogen, 
Carlsbad,  CA),  100  units/ml  penicillin,  100  pg/ml  streptomycin  (Mediatech,  Herndon,  VA)  and 
10  mM  HEPES.  0.25  mg/kg  body  weight  of  liposomal  BPD  and  30  mg/kg  body  weight  of  TNP- 
470  was  used  in  all  in  vivo  studies.  Liposomal  BPD  was  donated  by  QLT  Inc.  (Vancouver, 
British  Columbia,  Canada),  and  the  TNP-470  is  a  gift  of  Dr.  Folkman. 

Tumor  Implantation 

Experiments  were  carried  out  on  6-week-old  male  SCID  mice  weighing  ~  25  g  (Cox  Breeding 
Laboratories,  Cambridge,  MA).  Animals  were  anesthetized  with  a  7:1  mixture  of 
ketamine :xylazine.  A  2-cm  longitudinal  incision  from  the  pubic  bone  in  a  cranial  direction 
exposed  the  prostate  after  the  bladder  was  retracted  cranially.  Next  3  x  106  LNCaP  cells  in  50% 
Matrigel  (BD  Bioscience,  San  Diego,  CA)  were  injected  into  the  stroma  of  the  prostate  ventral 
lobe  (total  injection  vol.  0. 1  ml).  The  incision  was  closed  with  2-0  sutures.  Three  weeks 
following  injection,  a  0. 1-0.2  cm  tumor  develops. 


PDT 

TNP-470  was  injected  on  days  13,  15,  17,  and  19  (for  the  TNP-470  group  and  for  the  TNP-470  + 
PDT  group)  or  on  days  23,  25,  27,  and  29  (for  the  PDT  +  TNP-470  group)  after  the  orthotopic 
implantation  of  the  tumor  cells  while  PDT  was  performed  on  day  2 1  after  the  implantation  of 
cells.  For  PDT,  Liposomal  BPD  was  injected  into  the  tail  vein  of  mice  1  h  prior  to  irradiation. 
Before  irradiation,  a  laparotomy  was  performed  and  the  prostate  tumor  was  exposed.  The  tumor 
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was  irradiated  at  a  fluence  of  100  J/cm“  using  a  690  nm  diode  laser  (High  Power  Devices,  Inc., 
North  Brunswick,  NJ).  The  incision  was  then  closed.  For  ELISA,  the  animals  were  euthanized 
and  the  tumors  were  collected  24  hours  after  treatment  (day  22).  To  evaluate  the  treatment 
response  the  animals  were  euthanized  and  the  tumors  were  collected  40  days  after  implantation. 

ELISA 

For  VEGF  measurements,  proteins  were  extracted  from  orthotopic  prostate  tumors  24  h 
following  PDT  treatment.  Briefly,  frozen  tumors  were  pulverized  to  powder  in  a  tissue 
homogenizer  and  thawed  in  1  ml/mg  lysis  buffer  containing  protease  inhibitors  (1%  PBS,  1% 
Nonidet  P-40,  0.5%  sodium  deoxycholate,  0.1%  SDS,  10  mg/ml  PMSF,  100  mM  sodium 
orthovanadate,  and  protease  inhibitors).  The  protein  concentration  was  determined  using  a 
standard  Lowry  method.  A  human  VEGF  DuoSet  ELISA  Development  System  (R&D  Systems, 
Minneapolis,  MN)  was  used  to  quantify  human  VEGF  levels.  Results  were  normalized  to 
proteins. 

Treatment  response 

Forty  days  after  implantation,  the  animals  were  sacrificed  by  carbon  dioxide  asphyxiation.  Pelvic 
lymph  nodes,  along  with  the  entire  prostate  tissue,  liver,  and  lungs,  were  removed.  Prostate 
tissue  was  weighed.  Lymph  nodes  and  liver  were  fixed  with  10%  fonnalin  for  histological 
examination  and  identification  of  metastases.  The  lungs  had  Bourn’ s  solution  injected 
intratracheally,  and  were  kept  immersed  for  four  days  before  the  metastatic  colonies  were 
counted. 

Analysis  of  micrometastases 
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Mice  were  sacrificed  by  CO2  inhalation.  The  lymph  nodes  were  removed  and  fixed  in  10% 
formalin.  The  formalin- fixed  lymph  nodes  were  embedded  in  paraffin  and  serial  sections  (5  pm 
thick)  were  cut  throughout  each  entire  lymph  node.  Sections  were  stained  with  hematoxylin  and 
eosin  (H  &  E)  using  standard  procedures.  H  &  E  stained  lymph  node  sections  were  analyzed  for 
tumor  cells  microscopically  under  40x  and  100x  magnification.  Tumor  nodules  were  identified 
as  densely  packed  large  mitotic  cells. 

In  vivo  imaging 

The  fluorescently  labeled  molecule  Alexa  Fluor®  647-BSA  (Invitrogen,  Carlsbad,  CA)  was 
injected  into  the  tail  vein  (0.125  mg)  of  anesthetized  mice.  Immediately  following  injection,  a 
laparotomy  exposed  the  prostate  tumor,  which  was  imaged  using  the  Maestro  in  vivo  imaging 
system  (CRI,  Inc,  Woburn,  MA).  Twenty-one  days  after  ortho  topic  implantation  the  tumors  were 
imaged  immediately  before  PDT,  24  h  (day  22)  and  96  h  (day  24)  following  treatment;  images 
were  acquired  every  minute  for  the  first  10  min  and  every  2  min  for  the  final  10  min.  To  analyze 
the  change  in  fluorescence  with  time,  the  tumor  region  in  each  image  was  divided  into  three  non¬ 
overlapping  areas.  The  three  areas  selected  for  each  tumor  were  kept  constant  throughout  the 
images  acquired  at  different  timepoints.  Average  fluorescence  intensity  per  pixel  was  calculated 
from  each  of  these  three  areas. 


Statistical  evaluation 

Data  was  represented  as  the  mean  ±  SE  of  three  independent  experiments.  A  comparison  of 
VEGF  production  by  ELISA  between  PDT  and  no  treatment  (NT),  or  BPD  only  (BO),  was 
calculated  by  unpaired  Student’s  t  test,  and  a  mixed  effects  model  for  repeated  measures  analysis 
was  used  for  in  vivo  measurement  comparisons.  P  <  0.05  was  considered  statistically  significant. 
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Results 


Subcurative  PDT  increases  VEGF.  LNCaP  cells  in  50%  matrigel  were  injected  in  the  prostate  of 
male  SCID  mice.  This  orthotopic  prostate  cancer  model  has  been  well  established  in  the 
laboratory,  and  three  weeks  following  injection,  a  0. 1-0.2  cm  tumor  develops  in  -90%  of 
animals  injected.  One  hour  prior  to  PDT,  0.25  mg/kg  of  liposomal  BPD  was  injected 
intravenously.  Laser  irradiation  was  perfonned  after  a  laparatomy  exposed  the  tumor  at  a  fluence 
of  100  J/cnr.  The  following  day  the  animals  were  sacrificed,  the  tumors  were  collected,  and 
VEGF  levels  were  quantified  by  ELISA  (Figure  1).  PDT  induced  a  2.1-fold  increase  in  VEGF  (P 
<  0.05)  when  compared  to  no  treatment  or  to  BPD  only.  In  previous  studies,  under  identical 
conditions,  we  did  not  observe  any  effect  of  light  alone  treatment  (unpublished  data  and  (22)). 
For  this  reasons  we  did  not  include  a  light  only  control. 


Transien  t  vascular  shutdown  following  PDT.  We  have  previously  shown  that  1  h  following 
liposomal  BPD  injection,  the  photosensitizer  is  localized  both  in  the  vasculature  and  in  the  tumor 
(9).  Furthermore,  since  PDT  with  vascular  photosensitizers  induces  vascular  shutdown,  we 
decided  to  evaluate  the  functionality  of  the  tumor  vasculature  following  PDT.  The  fluorophore, 
Alexa  Fluor®  647-BSA,  was  injected  intravenously  immediately  before  imaging  the  prostate 
tumor.  Fluorescence  in  the  untreated  animal  steadily  increases  over  time  (Figure  2,  A,  graph), 
suggesting  that  the  fluorophore  diffuses  out  of  the  tumor  vasculature.  Immediately  after  PDT 
(data  not  shown)  as  well  as  24  h  following  treatment,  no  fluorescence  is  detected  in  the  tumor, 
suggesting  vascular  shutdown  (Figure  2,  B,  graph).  However,  96  h  following  treatment, 
fluorescence  can  be  detected  in  the  tumor  (Figure  2,C,  graph),  indicative  of  functional 
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vasculature.  Interestingly,  fluorescence  levels  do  not  increase  as  rapidly  as  in  the  untreated 
control  animals  (compare  Figure  2, A  to  Figure  2,C),  suggesting  that  the  vasculature  is  less 
permeable. 


Increased  treatment  efficacy  when  combining  antiangiogenic  therapy  with  PDT.  It  is  well 
documented  that  VEGF  is  a  potent  angiogenic  molecule  (23,  24).  Therefore,  the  measured 
increase  in  VEGF  following  PDT  could  reduce  treatment  efficacy  by  promoting  tumor  regrowth 
or  potentially  facilitating  metastasis.  For  these  reasons  we  decided  to  investigate  the  efficacy  of 
combining  the  antiangiogenic  molecule,  TNP-470,  with  PDT.  Figure  3  shows  the  various  groups 
used  in  this  study.  Group  D  received  TNP-470  every  2  days  the  week  preceding  PDT,  while 
group  E  received  TNP-470  every  2  days  for  the  week  following  PDT.  All  animals  were 
sacrificed  40  days  following  orthotopic  implantation  and  the  prostate,  comprised  of  tumor  tissue 
and  normal  tissue,  was  collected.  The  average  weight  loss  and  prostate  volume  for  each  group 
are  shown  in  Table  1.  The  animals  in  all  groups  except  group  E  had  a  weight  loss  of  >  3  g,  while 
the  weight  of  animals  in  group  E  did  not  change.  Weight  loss  was  measured  by  subtracting 
weight  at  sacrifice  to  weight  at  time  of  implantation.  A  statistically  significant  difference  (P  < 
0.05)  in  weight  loss  between  the  groups  receiving  PDT  +  TNP-470  and  the  control,  PDT  alone, 
and  the  TNP-470  +  PDT  group,  could  be  measured.  Prostate  weight  and  prostate  volume  were 
also  significantly  reduced  (P  <  0.05)  in  the  PDT  +  TNP-470  group  when  compared  to  the  control 
group  (Figure  4,  A  and  Table  1).  We  did  not  measure  any  significant  differences  when  TNP-470 
was  administered  prior  to  PDT.  It  is  important  to  note  that,  in  the  current  study,  we  used 
subcurative  PDT  doses  therefore  the  tumors  at  day  40  are  >  400  mg  compared  to  ~  20  mg  for 
nonnal  prostate. 
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PUT  increases  the  fraction  of  animals  with  lymph  node  metastases.  At  the  time  of  sacrifice  the 
lungs,  pelvic  lymph  nodes,  liver  and  spines  were  collected  and  metastatic  spread  was  assessed. 
No  metastases  could  be  detected  in  the  liver,  spines  and  lungs  in  all  groups.  On  the  other  hand, 
lymph  node  metastases  were  detected  in  some  animals  of  every  group.  Figure  5  shows  a 
representative  picture  of  a  lymph  node  with  a  metastatic  nodule.  Sections  were  cut  throughout 
the  entire  lymph  node  and  stained  with  H  &  E,  and  analyzed  for  metastases.  Figure  4,  B  shows 
the  percentage  of  animals  with  lymph  node  metastases  for  each  group.  Similar  to  our  previous 
report  (8),  more  animals  from  group  B  (72%),  which  received  only  PDT,  had  metastases  when 
compared  to  all  other  groups.  Interestingly,  the  fraction  of  animals  with  lymph  node  metastases 
was  reduced  in  all  TNP-470-treated  groups. 
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Discussion 


Photodynamic  therapy  is  an  emerging  modality  for  the  treatment  of  various  neoplastic 
and  non-neoplastic  pathologies.  Since  PDT  is  a  dynamic  process  the  exact  mechanism  of  tumor 
destruction  and  the  accompanying  molecular  responses  will  depend  on  many  factors  including 
the  light  and  photo  sensitizer  dose,  and  the  photosensitizer  localization  at  the  time  of  treatment. 
Depending  on  the  exact  parameters  chosen,  tumor  destruction  may  be  direct,  from  the  induction 
of  tumor  cell  apoptosis  or  necrosis  (25),  or  indirect  through  vascular  shutdown  (26).  The 
molecular  responses  of  tumor  cells  to  PDT  may  vary  depending  on  the  parameters  used  and  may 
mitigate  PDT  efficacy. 

The  feasibility  of  using  PDT  for  the  treatment  of  recurrent  prostate  cancer  has  previously 
been  established  (6,  7),  and  is  now  in  early  phase  clinical  trials  (5,  27).  Due  to  the  limited 
penetration  depth  of  light  in  tissue  and  the  non-homogenous  distribution  of  the  PS  in  the  tumor, 
some  areas  receive  suboptimal  PDT  (either  not  enough  light  or  not  enough  PS,  or  both). 
Determining  the  molecular  responses  of  these  cells  is  therapeutically  important  as  they  may 
mitigate  PDT  efficacy.  For  example,  an  angiogenic  response  and  an  increase  in  metastases  have 
been  reported  following  subcurative  PDT  treatment  (8,  13).  Whether  metastasis  will  be  a 
problem  in  human  studies  is  not  clear  at  this  point;  however  the  current  study  and  previous 
studies  (12,  13)  do  suggest  that  subcurative  PDT  can  create  conditions  favorable  for  tumor 
regrowth  and  metastasis.  Using  an  orthotopic  model  of  prostate  cancer  we  present  here  the  first 
report  of  subcurative  PDT-induced  increase  of  VEGF  secretion  accompanied  by  an  increase  in 
the  incidence  of  lymph  node  metastases.  Importantly  the  results  show  that  if  the  angiogenic 
action  of  VEGF  is  blocked  by  the  antiangiogenic  peptide,  TNP-470,  tumor  growth,  lymph  node 
metastasis  and  disease  related  toxicity  are  all  reduced. 
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As  with  our  earlier  study  (9),  all  these  experiments  were  performed  1  h  after  injection  of 
liposomal  BPD.  Under  this  specific  condition,  the  PS  was  localized  both  in  the  vasculature  and 
intratumorally.  The  localization  of  the  PS  at  the  time  of  irradiation  is  a  critical  determinant  of  the 
mode  of  tumor  destruction.  In  a  recent  study,  Chen  et  al.  showed  that  BPD-PDT  15  min  after  PS 
injection  induced  endothelial  cell  damage,  causing  vascular  leakage,  thrombi  formation,  and 
eventually,  vascular  shutdown  (28).  Hence,  a  vascular  PS  at  the  time  of  treatment  will  induce 
vascular  shutdown,  efficiently  starving  the  tumor,  while  an  intratumoral  PS  will  cause  tumor  cell 
apoptosis  or  necrosis  (29).  Therefore,  the  current  PDT  treatment  protocol  could  lead  to  both 
direct  tumor  destruction  and  indirect  destruction  through  vascular  shutdown.  Consistent  with  this 
paradigm,  in  vivo  animal  imaging  showed  rapid  vascular  shutdown  following  PDT.  However  96 
h  following  treatment,  functional  vasculatures  are  present  in  the  tumor  (Figure  2,C).  The 
measured  VEGF  increase  following  PDT  could  play  a  part  in  the  fonnation  of  these  new  vessels. 
The  PDT  dose  used  in  the  present  study  was  twice  that  reported  previously  (9)  since  it  might  be 
argued  that  a  higher  PDT  dose  could  reduce  VEGF  induction  by  more  effective  destruction  of 
tumor  tissue  or  by  the  direct  photochemical  destruction  of  the  VEGF  protein.  However,  we  were 
still  able  to  measure  an  increase  of  VEGF  24  h  after  PDT  treatment.  This  suggests  that,  within 
the  range  of  PDT  doses  used  in  the  two  studies,  the  VEGF  increase  is  not  strictly  dependent  on 
the  light  dose.  At  this  point  it  is  not  clear  which  PDT  conditions  might  prevent  the  secretion  of 
VEGF  but  systematic  studies  on  this  aspect  are  ongoing.  We  are  also  evaluating  the  direct 
contribution  of  VEGF  on  tumor  regrowth  and  metastasis,  using  Avastin®,  a  specific  VEGF  MAb 
shown  to  inhibit  its  function  (30). 

An  emerging  concept  in  antiangiogenic  therapy  involves  the  ‘normalization’  of  tumor 
vessels.  Antiangiogenic  therapies  have  been  proposed  as  initially  improving  the  structure  and 


15 


function  of  tumor  vessels,  resulting  in  an  increase  in  tumor  oxygenation.  However,  sustained 
treatment  will  eventually  prune  away  tumor  vessels,  leading  to  hypoxia  and  potentially,  tumor 
destruction  (for  review  (31)).  Studies  using  TNP-470  and  minocycline  to  treat  subcutaneously 
implanted  gliosarcoma  initially  revealed  a  decrease  in  tumor  hypoxia  (32)  and  an  increase  in 
tumor  oxygenation  (33),  compared  to  the  untreated  control.  Similar  observations  were  made  with 
mouse  mammary  carcinomas  (34).  BPD-PDT  is  an  oxygen  dependant  treatment  modality.  Once 
activated,  BPD  transfers  its  energy  to  oxygen  to  generate  the  highly  toxic  singlet  oxygen. 
Furthermore,  numerous  studies  have  correlated  an  increase  in  treatment  efficacy  with  increased 
tumor  oxygenation  (35,  36).  We  therefore  tested  the  effect  of  administering  TNP-470  for  one 
week  prior  to  PDT  (Figure  3,  group  D).  Compared  with  PDT  alone,  animals  pretreated  with 
TNP-470  tended  to  have  a  slightly  higher  prostate  weight  and  prostate  size  (a  measure  of  tumor 
burden).  Although  not  significant,  this  difference  could  be  due  to  the  decrease  in  tumor 
vasculature,  thereby  limiting  PS  delivery.  The  best  outcomes  were  obtained  when  TNP-470  was 
administered  after  PDT  (Figure  3,  group  E)  in  order  to  inhibit  the  action  of  the  PDT-induced 
angiogenic  factors.  This  reduction  of  tumor  burden  is  consistent  with  the  hypothesis  that  TNP- 
470  interferes  with  the  action  of  VEGF  (or  other  angiogenic  factors),  thereby  preventing  tumor 
regrowth.  It  is  also  possible  that  PDT  treated  cells  become  more  susceptible  to  TNP-470 
treatment. 

Mechanistic  studies  have  established  that  TNP-470  blocks  methionyl  aminopeptidase-2 
(MetAP2),  an  intracellular  enzyme  necessary  for  the  process  of  protein  myristolation,  thus 
preventing  membrane  proteins  from  being  translocated  to  the  cell  surface  (37).  This  causes 
inhibition  of  endothelial  cell  proliferation  by  inhibiting  their  cell  cycle  progression  (18,  38-40). 
However,  since  protein  myristolation  also  occurs  in  other  cell  types,  TNP-470  could  have  a 
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direct  effect  on  the  proliferation  of  tumor  cells  (41).  However,  in  our  experiments  we  did  not 
observe  a  significant  effect  of  TNP-470  treatment  alone  on  prostate  size  and  prostate  weight 
when  compared  to  the  control  group  (Table  1  and  Figure  4A).  On  the  other  hand,  our  results  are 
consistent  with  the  antiangiogenic  action  of  TNP-470,  although  not  necessarily  demonstrative  of 
antiangionesis. 

LNCaP  cells  usually  metastasize  to  the  lymph  node  but  can  also  metastasize  to  the  lungs  (42, 

43).  In  a  previous  study  an  increase  in  lung  metastases  following  subcurative  PDT  in  an 
ortho  topic  rat  prostate  cancer  model  was  reported  (22).  In  this  study  we  did  not  detect  any  lung 
metastases  with  the  methods  used  in  the  study  (Bourn’ s  staining  of  perfused  lungs).  However, 
the  presence  of  nodules  not  detectable  by  Bourn’ s  solution  is  not  ruled  out.  On  the  other  hand, 
more  animals  in  the  PDT  treated  group  had  an  increase  in  lymph  node  metastases,  suggesting 
that  subcurative  PDT  generates  conditions  favorable  to  metastatic  spread.  Furthermore  the 
fraction  of  animals  with  lymph  node  metastases  was  reduced  in  all  TNP-470-treated  groups.  This 
is  consistent  with  the  notion  that  the  presence  of  the  antiangiogenic  molecule,  TNP-470,  could 
prevent  the  growth  of  colonized  cells  by  inhibiting  angiogenic  support  for  the  growing  colonies, 
or  directly  by  preventing  the  release  of  cells  from  the  tumor,  or  both.  Interestingly,  when  PDT 
treatment  was  curative  we  did  not  observe  any  increase  in  metastases  (22),  suggesting  that  only 
surviving  cells  can  elicit  conditions  favorable  to  spreading.  It  is  possible  that  the  subcurative 
outcome  is  due  to  the  non-homogenous  distribution  of  the  PS  and/or  of  light  in  the  tumor, 
suggesting  that  dosimetry  measurements  could  improve  treatment  (44).  The  current  study 
emphasizes  the  need  for  careful  dosimetry  in  order  to  avoid  partial  responses  that  may  have 
adverse  long-term  effects  despite  good  local  control. 
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In  summary,  this  is  the  first  report  of  inhibition  of  subcurative  PDT-induced  tumor 
growth  and  metastasis  in  an  orthotopic  model  of  cancer  and  suggests  that  the  use  of  an 
angiogenic  inhibitor  such  as  TNP-470  (which  could  also  have  a  direct  tumor  cell  growth 
inhibitory  effect)  in  combination  with  PDT  could  improve  therapeutic  outcomes  in  cancer 
patients  and  possibly  reduce  treatment  related  toxicities  from  a  given  monotherapy.  This  study 
also  suggests  that  a  mechanism-based  approach  that  directly  inhibits  VEGF  secretion  could 
enhance  the  therapeutic  potential  (45)  of  both  PDT  and  antiangiogenic  treatments  and  merits 
further  investigations. 
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Table 


Table  1 

Treatment  response.  Weight  loss  for  animals  (g)  is  calculated  by  subtracting  weight  at  sacrifice 
to  weight  before  injection.  After  sacrifice  prostate  weight  (normal  tissue  +  tumor  tissue)  was 
determined  (mg)  and  the  prostate  volume  (mm  )  was  measured.  N  =  number  of  animals  in  each 
group.  For  weight  loss  there  is  a  statistically  significant  difference  (*,  P  <  0.05)  between  PDT  + 
TNP-470  and  Control,  PDT,  and  TNP-470  +  PDT  groups  only.  For  prostate  volume  there  is  a 
statistically  significant  difference  (*,  P  <  0.05)  only  between  PDT  +  TNP-470  and  Control. 


Groups 

Weight  loss 
(mean  ±  SE) 

Prostate  volume 
(mean  ±  SE) 

A)  Control  (n=5) 

6.1  ±0.5 

761 ±  110 

B)  PDT  (n=7) 

5.4  ±0.5 

407±  134 

C)  TNP-470  (n=5) 

3.1  ±0.9 

484  ±  94 

D)  TNP-470  +  PDT  (n=8) 

4  ±0.4 

696  ± 170 

E)  PDT  +  TNP-470  (n=5) 

-0.3  ±0.9  * 

277  ± 116  * 
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Figures 


Figure  1 

In  vivo  PDT  increases  VEGF.  At  24  h  following  treatment,  ortho  topic  prostate  tumors  were 
collected,  proteins  were  extracted,  and  VEGF  levels  were  measured  by  ELISA.  Values  are 
nonnalized  relative  to  protein  concentration  and  represent  the  mean  ±  SE  of  five  animals  for 
each  group  with  each  measurement  performed  in  duplicate.  A  statistically  significant  increase  (*, 
P  <  0.05)  was  measured  following  PDT  when  compared  to  NT  or  to  BO.  NT:  no  treatment,  BO: 
BPD  only. 

Figure  2 

Analysis  of  tumor  vasculature.  The  fluorescent  molecule  Alexa  Fluor®  647-BSA  was  injected 
intravenously  immediately  before  imaging  the  prostate  tumor  with  the  Maestro  in  vivo  imaging 
system.  Diffusion  of  the  fluorescent  molecule  was  imaged  every  1  min  for  the  first  10  min  and 
every  2  min  thereafter  for  a  total  imaging  time  of  20  min.  Top  graphs  show  the  relative 
fluorescence  measurements  in  the  tumor  as  a  function  of  time.  Data  was  acquired  from  each 
boxed  area.  Bottom  pictures  are  representative  black  and  white  (left)  or  fluorescent  pictures 
(right)  from  untreated  animals  21  days  following  implantation  (A),  24  h  post- treatment  22  days 
following  implantation  (B),  and  96  h  post  treatment  24  days  following  implantation  (C).  Pictures 
were  taken  20  min  following  fluorophore  injection.  Line:  tumor  borders.  Box:  area  used  for 
fluorescence  measurements.  Representative  pictures  are  shown. 

Figure  3 

Treatment  protocols.  Orthotopic  implantation  of  LNCaP  cells  in  the  prostate  was  done  on  day  1 
and  all  animals  were  sacrificed  on  day  40.  (A)  Absolute  control  (n  =  5).  (B)  PDT  alone  (n  =  7). 
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(C)  TNP-470  alone  (n  =  5).  (D)  TNP-470  treatment  preceding  PDT  (n  =  8),  (E)  PDT  followed  by 
TNP-470  treatment  (n  =  5).  TNP-470  was  injected  at  30  mg/kg  body  weight  every  2  days  for  1 
week.  PDT  was  done  with  0.25  mg/kg  liposomal  BPD  injected  1  h  prior  to  light  irradiation  (100 
J/cm  ).  N  =  number  of  animals  in  each  groups. 

Figure  4 

Combination  treatment  improves  local  tumor  control  and  reduces  metastases.  (A)  Animals  from 
each  group  were  euthanized  40  days  following  tumor  cell  implantation.  The  prostate,  comprised 
of  both  normal  and  tumor  tissue,  was  weighed.  There  is  a  significant  decrease  (*,  P  <  0.05)  in 
prostate  weight  in  the  PDT  +  TNP-470  group  only  when  compared  to  the  control.  (B)  At  the  time 
of  sacrifice  lymph  nodes  were  collected,  fixed  in  10  %  fonnalin,  and  embedded  in  paraffin. 
Sections  were  cut  throughout  the  lymph  node  and  assessed  for  metastases.  N  =  number  of 
animals  in  each  groups. 

Figure  5 

Metastatic  nodule  in  lymph  node.  Representative  picture  of  microsection  from  formalin-fixed 
lymph  nodes  that  was  stained  with  hematoxylin  and  eosin.  Metastatic  spread  was  histologically 
determined.  T:  Metastatic  nodule.  N:  nonnal  lymph  node. 
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Abstract 


Adhesion  molecules  are  essential  for  normal  functioning  of  all  organisms,  by  allowing 
communication  between  cells  and  the  surrounding  environment.  For  metastasis  to  occur  a  loss  or 
a  shift  in  expression  pattern  of  adhesion  molecules  is  often  necessary.  Furthermore,  anticancer 
therapies  have  been  reported  to  affect  adhesion  molecules.  The  current  study  investigates  the 
effect  of  photodynamic  therapy  (PDT),  an  approved  anticancer  therapy,  on  prostate  cancer  cell 
adhesion  and  metastasis.  Using  the  MatLyLu  (MLL)  cell  line,  a  highly  aggressive  androgen- 
independent  rat  prostate  cancer  cell  lines,  we  report  that  subcurative  PDT  transiently  decreases 
adhesion  to  the  extracellular  matrix  protein  collagen  IV.  Furthennore,  a  transient  decrease  in  p  1 
integrin  protein  levels  but  not  of  a5  integrin  proteins  was  observed  following  PDT  in  vitro.  RNA 
analysis  did  not  show  any  decrease  in  pi  integrin  or  in  a5  integrin  levels,  suggesting  a  post- 
translational  effect  of  PDT  on  pi  integrin  in  vitro.  Immunohistochemical,  western  and  RT-PCR 
analysis  of  PDT  treated  orthotopic  prostate  tumors  also  showed  a  decrease  in  pi  integrin  but  not 
of  a5  integrin.  Next,  we  evaluated  the  effect  of  PDT  on  the  circulation  kinetics  of  prostate  cancer 
cells  by  injecting  cells  in  animals  at  various  time  post  treatment  and  monitoring  their  circulation 
time  using  an  in  vivo  flow  cytometer  (IVFC).  24  h  after  treatment,  injected  cells  circulate  longer 
than  untreated  cells  while  circulation  time  of  cells  injected  72  h  after  treatment  were  similar  to 
untreated  controls.  The  findings  reported  in  this  study  shows  that  subcurative  PDT  transiently 
decreases  adhesion  of  cells  to  extracellular  matrix  proteins  as  well  as  transiently  increasing  their 
circulation  time.  This  understanding  will  greatly  help  in  the  design  of  novel  mechanism-based 
combination  treatment  regimens. 
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Introduction 


In  tissue,  cells  are  in  constant  communication  with  each  other  and  with  the  surrounding 
environment.  Adhesion  molecules  are  essential  for  normal  functioning  of  all  organisms,  by 
allowing  these  communications  to  take  place.  Adhesion  molecules  refer  to  all  proteins  that 
enable  cells  to  contact  and  interact  with  each  other  or  to  interact  with  the  extracellular  matrix 
(ECM)  (1).  These  include  selectins,  integrins,  Ig  superfamily,  and  cadherins.  Integrins  are  a 
family  of  cell  surface  receptors  that  mediate  interactions  with  ECM  components.  They  are 
heterodimers  composed  of  two  subunits,  a  and  P,  and  each  ap  combination  has  its  own  binding 
specificity  and  signaling  properties.  As  of  now  there  are  8  p  subunits  that  can  assort  with  18  a 
subunits  to  form  24  distinct  integrins  heterodimers  and  most  of  these  heterodimers  can  recognize 
several  ECM  proteins  (2).  Alterations  in  adhesion  molecules  can  be  associated  with  pathological 
conditions:  numerous  evidence  suggests  that  these  molecules  are  associated  with  invasion  and 
metastasis  (3).  For  example,  for  metastasis  to  occur  tumor  cells  must  enter  the  blood  or 
lymphatic  circulation.  This  involves  the  loss  of  intercellular  adhesion  as  well  as  the  loss  of 
adhesion  to  the  ECM  (4).  Furthermore,  during  metastasis,  cancer  cells  experience  changing 
tissue  microenvironments,  which  are  likely  to  present  novel  matrix  components.  Therefore 
successful  colonization  often  requires  a  shift  in  integrin  expression  and  substrate  preference. 

Some  anticancer  therapies  have  been  shown  to  decrease  adhesion  of  cancer  cells  to  ECM 
proteins.  Fractionated  ionizing  radiation  of  prostate  cancer  cells  has  been  shown  to  decrease  the 
adhesion  of  prostate  cancer  cells  to  fibronectin,  an  ECM  protein,  as  well  as  decreasing  the 
expression  of  pi  integrin  (5).  The  tyrosine  kinase  inhibitors,  genistein  and  tyrphostin  AG- 1478, 
were  also  shown  to  decrease  the  adhesion  of  prostate  cancer  cells  to  collagen  type  I  and  type  IV, 
laminin,  fibronectin  and  vitronectin  as  well  as  decreasing  the  expression  of  P 1  integrin  (6).  In 
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this  report  we  investigated  the  effect  of  photodynamic  therapy  (PDT),  an  approved  anticancer 
therapy,  on  the  adhesion  of  prostate  cancer  cells  to  ECM.  An  understanding  of  the  effect  would 
help  in  the  design  of  novel  combination-based  therapies. 

PDT  involves  the  delivery  of  a  photosensitizer  (PS),  and  its  subsequent  activation  with 
the  appropriate  wavelength  of  light.  For  most  non-dermatologic  applications  the  PS  is 
administered  systemically  in  liposomal  formulation  and  tends  to  accumulate  non-specifically  in 
tumor  tissue  because  of  its  leaky  vasculature,  poor  lymphatic  drainage,  and  by  binding  to 
collagen  or  to  LDL  receptors  highly  expressed  in  tumors.  Once  activated  the  PS  can  1)  transfer 
its  energy  to  O2  generating  the  highly  toxic,  but  short-lived  singlet  oxygen  or  2)  induce  direct 
cell  damage  (7).  The  mode  of  tumor  destruction  depends  on  the  localization  of  the  PS  at  the  time 
of  treatment.  When  most  of  the  PS  is  in  circulation  the  predominant  mode  of  tumor  destruction  is 
vascular  shutdown,  efficiently  starving  the  tumor  (8).  On  the  other  hand,  when  the  PS  is 
intratumoral,  treatment  will  induce  direct  tumor  destruction  (9). 

Over  the  last  decade  PDT  became  an  established  treatment  modality  for  oncologic  and 
non-oncologic  conditions.  Perhaps  the  best-known  application  of  PDT  is  treatment  of  age-related 
macular  degeneration  with  the  PS  verteporfin®.  Approved  oncologic  applications  for  PDT 
include  treatment  of  recurrent  superficial  papillary  bladder  cancer,  esophageal  cancer, 
endobronchial  cancer,  high-grade  dysplasia  associated  with  Barrett’oesophagus  and  as  a 
palliative  treatment  for  head  and  neck  cancer.  Currently,  the  use  of  PDT  for  localized  disease  and 
precancerous  lesions  is  under  investigation  for  bladder  cancer,  pituitary  tumors,  glioblastoma, 
and  recurrent  prostate  cancer  (10-13). 

As  PDT  becomes  more  of  a  mainstream  treatment  option  for  early  cancers,  it  is  important 
to  understand  factors  that  might  mitigate  its  tumoricidal  effect.  We  have  previously  reported  an 
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increase  in  the  number  of  lung  metastases  following  subcurative  BPD-PDT  in  a  highly 
aggressive  prostate  cancer  model  (14).  Furthermore,  in  recent  studies  we  showed  that  subcurative 
treatment  of  the  human  prostate  cancer  cell  line,  LNCaP,  induces  VEGF  synthesis  and  release 
both  in  vitro  and  in  an  in  vivo  orthotopic  model  of  prostate  cancer  (15).  We  also  reported  an 
increase  in  the  incidence  of  lymph  node  metastases  following  subcurative  PDT.  This  increase 
was  abolished  when  an  antiangiogenic  molecule  was  administered  after  PDT  (manuscript  in 
preparation).  Taken  together  these  observations  suggest  that  the  tumor  response  to  subcurative 
PDT  may  induce  conditions  favorable  to  metastatic  spread  or  to  tumor  regrowth.  An 
understanding  of  the  tumor  response  will  be  useful  in  the  development  of  molecular-based 
combination  therapy  to  improve  PDT.  In  the  present  study  we  investigated  the  effect  of 
subcurative  PDT  on  cell  adhesion,  an  important  step  in  the  metastasic  process. 

To  our  knowledge  only  a  few  reports  studied  the  effect  of  BPD-PDT  on  cell  adhesion  to 
the  ECM  (16,  17).  In  the  current  study  we  investigated  the  effect  of  subcurative  BPD-PDT  on 
cell-ECM  adhesion  in  vitro  and  in  vivo  in  an  orthotopic  model  of  prostate  cancer  using  the 
androgen-independent,  highly  metastatic  cell  line,  MLL.  Our  results  indicate  that  subcurative 
treatment  transiently  reduces  adhesion  to  collagen  IV  an  abundant  ECM  protein  and  decreases 
pi  integrin  protein  levels  both  in  vitro  and  in  vivo  without  affecting  a5  integrin  levels.  PDT  also 
decreases  pi  integrin  mRNA  levels  in  vivo.  Furthermore,  the  circulation  kinetics  of  injected  PDT 
treated  cells  is  transiently  increased  when  compared  to  untreated  controls.  This  increase  in 
circulation  time  could  provide  a  therapeutic  opportunity  to  prevent  re-adhesion  of  circulating 
cells  and  as  a  consequence  decrease  metastasis,  this  hypothesis  merits  further  investigation. 
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Materials  and  Methods 


Cell  line  and  reagents 

The  rat  prostate  carcinoma  cell  line,  MatLyLu  was  cultured  as  described  previously  (14).  All 
cells  were  kept  at  37°C  in  a  humidified  5%  CO?  and  95%  air  incubator.  BPD-MA  and  LBPD 
were  donated  by  QLT  PhotoTherapeutics,  Inc,  (Vancouver,  British  Columbia,  Canada).  A 
concentration  of  140  nM  was  used  for  in  vitro  assays  and  a  concentration  of  0.25  mg/kg  body 
weight  was  used  in  vivo. 

PDT 

For  in  vitro  PDT,  0.  lxlO6  of  MLL  cells  were  grown  on  a  35  mm  culture  dish  for  24  h  and 
incubated  with  BPD-MA  [140  nM]  in  1  ml  complete  media  for  1  h.  Incubation  media  was 
replaced  with  2  ml  of  fresh  complete  media.  Irradiation  was  performed  using  a  690  mn  diode 
laser  (High  Power  Devices,  Inc.,  North  Brunswick,  NJ).  24  h  following  irradiation,  cells  viability 
was  measured  using  the  MTT  assay  (18).  For  in  vivo  PDT,  LBPD  was  injected  in  the  tail  vein  of 
rats  1  h  prior  to  irradiation.  Immediately  before  irradiation  a  laparotomy  was  performed  and  the 
prostate  tumor  was  exposed.  Tumors  were  irradiated  at  a  fluence  of  50  J/cnr  with  a  fluence  rate 
of  50  mW/cm  .  The  incision  is  then  closed  and  24  h  after  treatment  the  animals  are  euthanized 
and  the  tumors  are  collected. 

Tumor  Implantation 

Experiments  were  carried  out  on  8-weeks-old  male  Copenhagen  rats  weighing  200-  250  g 
(Charles  River  Laboratories,  Wilmington,  MA).  Animals  were  anesthetized  with  a  7: 1  mixture  of 
ketamine :xylazine.  After  anesthesia,  a  2-cm  longitudinal  incision  from  the  pubic  bone  in  a 
cranial  direction  exposed  the  prostate  after  the  bladder  was  retracted  cranially.  MLL  cells  were 
resuspended  in  PBS  at  a  concentration  5  x  105/ml.  A  total  of  0. 1  ml  (0.5  x  103  MLL  cells)  was 
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injected  into  the  stroma  of  the  prostate  ventral  lobe.  The  incision  was  closed  with  2-0  suture,  7 
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days  following  injection  a  125-150  mm  tumor  develops. 

RNA  extraction  and  real-time  RT-PCR  analysis. 

Total  RNA  was  extracted  from  untreated  or  PDT  treated  MLL  cells,  using  the  Qiagen  RNeasy 
mini  kit  (Qiagen  Inc,  Valencia,  CA)  according  to  the  manufacturer’s  instruction.  Possible 
genomic  DNA  contamination  was  removed  by  RNase-free  Dnasel  treatment  (Qiagen  Inc.).  RNA 
concentration  was  estimated  by  reading  the  absorbance  at  260  mn  and  RNA  integrity  was 
demonstrated  by  1%  agarose  gel  electrophoresis.  First-strand  cDNA  was  synthesized  from  2  pg 
of  RNA  using  Ready-To-Go  You-Prime  First-Strand  Beads  (Amersham  Biosciences  Corp, 
Piscataway,  NJ)  and  01igo(dT)15  Primer  (Promega,  Wisconsin,  USA)  according  to  the 
manufacturer’s  instructions  and  at  the  end  of  synthesis  H20  was  added  up  to  500  pi.  For  real 
time  PCR  analysis  5  pi  of  first  strand  cDNA  product  was  amplified  using  Brilliant  SYBR  Green 
QPCR  Master  Mix  (Stratagene,  La  Jolla,  CA)  according  to  the  manufacturer’s  instructions  in  a 
total  reaction  volume  of  25  pi  using  the  following  primers:  GAPDH:  forward  5 ’-ACT  CCC  ATT 
CTT  CCA  CCT  TTG-3’  and  the  reverse  5’-CAC  CAC  CCT  GTT  GCT  GTA  G-3’,  and  a5 
integrin:  forward  5-GGC  TGT  GTA  TGG  GGA  GAA  GA-3’  and  the  reverse  5-TCA  CCG 
CGA  AGT  AGT  CAC  AG-3’,  and  pi  integrin:  forward  5’-GCG  ATC  AGG  AGA  ACC  ACA  G- 
3’  and  the  reverse  5’-AAG  CCA  ATG  CGG  AAG  TCT  G-3’.  The  following  conditions  were 
used:  95°C  for  10  min,  followed  by  40  cycles  of  amplification  (94°C  for  20  sec,  58°C  for  40  sec, 
72°C  for  20  sec).  The  relative  quantification  of  pi  integrin  and  a5  integrin  was  performed  using 
the  comparative  Ct  method  using  GAPDH  as  an  endogenous  reference.  The  following  formula 
was  used:  2'AACT.  Where  AACj  =  ACt  light  only  treatment  -  ACj  treatment. 
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Western  blotting 

Proteins  were  extracted  from  orthotopic  prostate  tumors  or  from  MLL  cells.  Briefly,  frozen 
tumors  were  pulverized  to  powder  in  tissue  homogenizer  and  thawed  in  1  ml/mg  lysis  buffer 
containing  protease  inhibitors  (1%  PBS,  1%  Nonidet  P-40,  0.5%  sodium  deoxycholate,  0.1% 
SDS,  10  mg/ml  PMSF,  100  mM  sodium  orthovanadate,  and  protease  inhibitors  cocktail).  MLL 
cells  were  resuspended  directly  in  lysis  buffer.  Incubated  on  ice  for  30  min  with  vortexing  every 
5  min  then  centrifuged  14  000  rpm  for  10  min  at  4°C.  The  supernatant  was  transferred  and 
centrifuged  again.  Protein  concentration  was  determined  using  a  standard  Lowry  method.  Equal 
amount  of  proteins  were  separated  by  SDS-PAGE,  blotted  on  PVDF  membrane  and  probed  with 
pi  integrin  Ab  (#610467,  BD  Biosciences,  San  Jose,  CA),  a5  integrin  Ab  (#sc- 10729,  Santa 
Cruz  Biotechnology,  Inc.  Santa  Cruz,  CA)  and  monoclonal  anti-Actin  (#A-4700,  Sigma-Aldrich, 
Saint-Louis,  Mi). 

Adhesion  assay 

At  indicated  times  following  PDT,  O.lxlO6  MLL  cells  were  collected  and  labeled  with  Vybrant 
DiO  cell-labeling  solution  (Invitrogen,  Carlsbad,  CA)  according  to  the  manufacturer’s 
instructions.  Labeled  cells  were  added  to  Collagen  IV  coated  24-well  plate  (Becton  Dickinson 
Labware,  Bedford,  MA),  and  left  to  adhere  for  6  h.  Cells  were  then  gently  washed  4x  with 
complete  media,  to  remove  unbound  cells.  %  adhesion  was  calculated  by  taking  the  ratio  of 
fluorescent  counts  after  washes:  fluorescent  counts  before  washes. 

In  vivo  flow  cytometry 

The  experimental  set-up  for  acquiring  IVFC  measurements  has  been  described  in  detail  in  (19). 
To  assess  the  depletion  kinetics  of  circulating  PDT-treated  MLL  cells,  MLL  cells  were  labeled 
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with  the  lipophilic  dye,  DiD,  according  to  the  manufacturer’s  instruction  (Invitrogen,  Carlsbad, 
CA).  106  fluorescently  labeled  cells  per  20  g  body  weight  were  injected  through  the  tail  vein  of  a 
male  SCID  mouse;  the  animal  was  placed  immediately  onto  the  stage.  The  first  IVFC 
measurements  were  acquired  within  five  to  fifteen  minutes  from  the  time  of  injection.  Additional 
measurements  were  acquired  at  the  same  vessel  location  at  1,2,  and  3  h. 

Immunohistochemistry. 

PDT  treated  tumors  were  fixed  in  10%  fonnalin  and  embedded  in  paraffin.  Tissue  sections  were 
deparaffinized  and  subjected  to  heat  induced  epitope  retrieval.  Sections  were  then  immersed  30 
min  in  0.3%  fLCL  to  quench  endogenous  peroxidase  activity,  then  blocked  with  normal  mouse 
serum  for  20  min  (Vectastain  ABC  kit,  Vector  Laboratories,  Burlingame,  CA).  Sections  were 
then  incubated  overnight  at  4°C  with  pi  integrin  Ab  at  a  dilution  of  1 :50,  washed  and  incubated 
with  biotinylated  secondary  Ab  for  30  min.  Slides  were  then  incubated  with  avidin-peroxidase 
conjugate  for  30  min.  After  washing,  sections  are  stained  with  DAB  (DakoCytomation, 
Carpinteria,  CA)  for  3  min. 


10 


Results 


Sublethal  PDT  transiently  decreases  adhesion  to  collagen  IV.  After  1  hr  incubation  with  BPD- 
MA,  MLL  cells  were  irradiated  with  a  690  mn  laser  at  different  light  doses.  Figure  1  shows  MLL 
killing  as  a  function  of  light  doses.  These  cells  are  highly  susceptible  to  PDT  killing,  the  very 
low  light  dose,  0.25  J/cm2  kills  approximately  15%  of  cells  while  1.5  J/cm2  kills  about  80%  of 
cells.  In  order  to  study  the  molecular  response  of  cells  that  have  been  exposed  to  both  PS  and 
PDT  but  not  enough  to  kill  them  we  have  chosen  the  two  subcurative  doses,  0.5  J/cm2  and  1 
J/cnr  for  all  subsequent  experiments.  These  doses  kill  approximately  30%  and  70%  of  cells 
respectively  (Figure  1,  grey  bars).  To  determine  the  effect  of  subcurative  PDT  on  cell  adhesion 
we  plated  cells  24  h  and  72  h  following  subcurative  PDT,  on  collagen  IV  coated  plates.  PDT 
treatment  with  the  higher  light  dose  reduced  adhesion  to  collagen  IV  more  than  5 -fold,  24  h 
following  treatment  (Figure  2,  A).  Lower  light  dose  treatment  did  not  have  any  effect  on 
adhesion  to  collagen  IV.  Interestingly,  72  h  following  treatment  adhesion  to  collagen  IV  is 
returned  to  control  level  (Figure  2,  B).  To  evaluate  the  effect  of  cell  detachment  on  cell  survival 
we  plated  MLL  cells  on  1%-agar/RPMI.  This  fonnulation  has  been  shown  to  prevent  cell 
adhesion  and  induce  cell  death  (20).  24  h  and  48  h  later  the  trypan  exclusion  assay  was  used  to 
quantity  cell  survival.  MLL  cells  are  highly  resistant  to  anoikis  with  only  4.92%  ±  1.62  and 
5.96%  ±  1.88  of  cells  dying  24  h  and  48  h  respectively,  after  plating. 

Subcurative  PDT  transiently  decreases  (31  integrin  protein  levels.  The  a5pi  integrin  is  highly 
expressed  in  MLL  cells  (21,  22)  and  mediates  adhesion  to  collagen  IV.  We  therefore,  evaluated 
the  levels  of  a5  and  pi  integrin  following  PDT.  Figure  3  shows  representative  western  blot 
detecting  pi  integrin  and  a5  integrin,  together  with  actin  as  a  loading  control.  PDT  treatment 
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with  the  higher  light  dose  transiently  decreases  pi  integrin  protein  levels  (Figure  3,  A),  24  h  after 
treatment,  pi  integrin  levels  return  to  control  levels  72  h  after  PDT  Figure  3,  B.  Surprisingly,  a5 
integrin  levels  were  not  decreased  following  PDT.  To  elucidate  the  mechanism  of  this  decrease, 
we  measured  RNA  levels  following  treatment.  Real-time  PCR  analysis  did  not  show  any 
decrease  in  mRNA  transcript  of  either  a5  integrin  or  pi  integrin  (Figure  3,  C  and  D 
respectively),  suggesting  a  post-translational  effect  of  PDT. 

In  vivo  decrease  in  fil  integrin  following  subcurative  PDT.  Orthotopic  implantation  of  MLL 
cells  is  a  well-established  model  of  androgen-independent  prostate  cancer.  This  cell  line  is  fast 
growing,  poorly  differentiated,  and  metastatic  to  the  lungs  and  lymph  nodes.  To  determine  if  this 
subcurative  PDT-induced  decrease  in  pi  integrin  also  occurred  in  vivo,  we  implanted  MLL  cells 
in  the  prostate  of  Copenhagen  rats  and  treated  them  with  50  J/cnr.  The  PDT  regimen  used  has 
previously  been  demonstrated  to  be  subcurative  (23).  Twenty-four  hours  following  treatment, 
animals  were  euthanized  and  the  prostate  was  collected  and  fixed  in  10  %  formalin.  Figure  4 
show  immunohistochemical  staining  using  pi  integrin  Ab.  Similar  to  in  vitro  results;  there  is  a 
decrease  in  pi  integrin  protein  levels  following  PDT  treatment.  Figure  4,  right  panels,  arrow, 
shows  an  area  unaffected  by  PDT  treatment.  This  area  probably  did  not  receive  enough  light  or 
PS,  or  both  to  elicit  visible  damage.  Proteins  were  also  extracted  from  PDT  treated  tumors  and 
western  blot  analysis  was  performed  to  determine  the  levels  of  a5  and  p  1  integrin.  There  is  a 
significant  decrease  in  pi  protein  levels  (Figure  5,  left  picture)  following  PDT,  however  there  is 
no  decrease  in  a5  integrin  protein  levels  (Figure  5,  right  picture).  The  average  densitometric 
quantification  from  5  different  animals  is  presented  in  the  lower  bar  graph  after  taking  the  ratio 
integrin:  actin.  Following  PDT  there  is  a  5 -fold  decrease  in  pi  integrin  protein  levels  (Figure  5, 
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left  bar  graph);  but  no  significant  decrease  in  a5  integrin  protein  levels.  From  the  same  PDT- 
treated  tumors  RNA  was  extracted,  there  is  a  significant  decrease  in  pi  integrin  mRNA  levels 
following  treatment  (P  <  0.001  when  compared  to  no  treatment)  and,  surprisingly,  a  significant 
increase  in  a5  integrin  mRNA  (P  <  0.05  when  compared  to  no  treatment,  Figure  5,  C  and  D). 

Subcurative  PDT  increases  circulation  time  of  MLL  cells.  Adhesion  molecules  are  required  for 
homing  of  circulating  cancer  cells  and  subcurative  PDT-treatment  decreases  adhesion  to  collagen 
IV.  Therefore,  we  evaluated  the  effect  of  subcurative  PDT  on  the  circulation  time  of  MLL  cells. 
PDT-treated  or  untreated  MLL  cells  were  labeled  with  the  lipophilic  fluorescent  dye,  DiD,  prior 
to  intravenous  injection  in  animals.  Live,  anesthetized  animals  were  placed  on  the  IVFC  to  count 
circulating  cells  (24).  Untreated  cells  are  very  rapidly  cleared  from  circulation,  30  min  after 
injection,  there  is  a  ~  80  %  decrease  in  the  number  of  circulating  cells  (Figure  6,  gray  plot). 
However,  when  cells  are  injected  24  h  following  PDT,  there  is  a  significant  (P  <  0.05  when 
compared  to  control)  increase  in  circulation  time  (Figure  6,  dash  plot),  while  cells  injected  72  h 
post-PDT  have  similar  circulation  time  than  control  (Figure  6,  black  plot). 


13 


Discussion 


It  is  important  to  understand  factors  that  limit  anticancer  therapies  in  order  to  improve 
treatment  outcome.  Recently,  the  concept  of  PDT-elicited  tumor  survival  response  has  emerged, 
whereas  surviving  tumor  cells  secrete  cytokines  that  promote  tumor  regrowth  and,  potentially, 
metastasis  (15,  25,  26).  We  and  others  have  reported  an  increase  in  VEGF  following  subcurative 
PDT  (15,  25,  27,  28),  suggesting  that  surviving,  PDT-treated  cells,  elicit  a  survival  response  that 
could  be  detrimental  to  long  term  cure.  Furthermore,  we  have  reported  that  subcurative  PDT  of 
prostate  cancer  increased  the  incidence  of  lymph  node  metastasis  and  that  combination  treatment 
with  an  antiangiogenic  molecule  not  only  decreased  the  incidence  of  lymph  node  metastasis  but 
also  improved  local  control,  demonstrating  that  rationally  designed  mechanism-based 
combination  therapies  will  improve  treatment  outcome  (manuscript  in  preparation).  However,  it 
is  well  established  that  metastasis  involves  an  intricate  interplay  between 
angiogenesis/lymphangiogenesis,  altered  cell  adhesion,  survival,  proteolysis,  migration,  immune 
escape,  and  homing  on  target  organs.  Therefore,  VEGF  may  not  be  the  only  player  responsible 
for  the  observed  increased  in  metastasis.  In  the  current  study  we  investigated  the  effect  of  PDT 
on  prostate  cancer  cell  adhesion  to  ECM,  another  process  often  altered  during  metastasis. 

Due  to  the  limited  penetration  depth  of  light  in  tissue  and  to  the  non-homogeneous 
distribution  of  the  PS  inside  the  tumor,  some  areas  will  receive  suboptimal  PDT  (either  not 
enough  light  or  not  enough  PS,  or  both),  especially  when  treating  large  tumor  volumes.  This  can 
be  observed  in  Figure  4,  where  the  arrow  points  to  an  area  unaffected  by  treatment.  Surviving 
PDT-treated  cells  elicit  a  survival  response  that  includes  the  secretion  of  growth  factors  (15,  29) 
and,  as  reported  in  this  study,  a  decrease  in  adhesion.  These  molecular  changes  could  mitigate 
treatment  efficacy  by  promoting  tumor  regrowth  or  increasing  metastasis  unless  combined  with 
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other  therapy  (manuscript  in  preparation).  Furthermore  taken  together,  these  results  also  illustrate 
the  need  for  better  dosimetry  of  PS  and  light  in  tissue  in  order  to  improve  treatment  (30). 

In  a  previous  study,  Margaron  et  ah,  reported  a  decrease  in  adhesion  to  ECM  proteins 
following  BPT-PDT  of  human  foreskin  fibroblast,  however  they  did  not  observe  a  decrease  in 
integrins  protein  levels.  On  the  other  hand,  they  reported  a  decrease  in  phosphorylation  of  the 
Focal  Adhesion  Kinase  following  PDT  (17).  We  have  also  previously  reported  that  subcurative 
BPD-PDT  of  a  human  ovarian  cancer  cell  line  decreased  adhesion  to  ECM  proteins  (16)  without 
affecting  integrins  levels,  but  by  disrupting  focal  adhesion  plaques.  We  report  in  this  study,  using 
a  highly  aggressive  prostate  cancer  cell  line  that  PDT  transiently  decreased  adhesion  to  the  ECM 
protein  collagen  IV  as  well  as  transiently  decreasing  pi  integrin  protein  levels.  Taken  together 
these  reports  suggest  that  the  response  to  PDT  may  be  cell  type  dependent.  Of  note,  the  observed 
decrease  in  adhesion  to  ECM  is  not  unique  to  PDT  but  has  also  been  reported  to  occur  following 
ionizing  radiation  and  tyrosine  kinase  inhibitor  treatment  (5,  6)  of  prostate  cancer  cells. 

We  have  shown  that  subcurative  PDT  transiently  decreases  adhesion  to  collagen  IV  an 
abundant  ECM  protein  and  reduces  pi  integrin  protein  levels  both  in  vitro  and  in  vivo,  pi 
integrin  mRNA  analysis  did  not  show  any  difference  in  vitro,  however,  protein  levels  were 
decreased.  A  report  by  Volanti  et  ah,  showed  that  PDT  could  disrupted  the  membrane  expression 
of  ICAM-1  and  VCAM-1  via  their  degradation  in  lysosomes  (31).  It  is  possible  that,  in  vitro,  pi 
integrin  is  degraded  via  a  similar  pathway  or  by  other  mechanisms  (32).  In  vivo,  on  the  other 
hand,  mRNA  levels  are  also  decreased  suggesting  an  effect  of  PDT  on  pi  integrin  promoter 
activity.  In  vitro,  a5  integrin  mRNA  levels  were  not  increased  by  PDT,  on  the  other  hand  its 
levels  were  increased  in  vivo.  A  recent  report  showed  that  the  a5  integrin  promoter  was 
activated  by  the  hypoxia-inducible  factor  (HIF-la  (33)).  Since  it  is  well  established  that  PDT 
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generates  hypoxic  conditions  in  vivo  (34-36),  PDT  could  increase  a5  integrin  mRNA  in  vivo 
through  a  HIF-la  mechanism.  On  the  other  hand,  we  have  never  observed  activation  of  HIF-la 
in  vitro  following  PDT  (15). 

Previous  reports  have  shown  that  the  a.5[!  I  integrin  molecule  is  important  for  cancer  cell 
invasion  (21)  and  adhesion  (37).  In  this  study  we  report  a  decrease  in  pi  integrin  post-PDT; 
however  we  did  not  measure  a  resulting  decrease  in  invasion  (invasion  assay,  data  not  shown). 
This  is  not  surprising  since  MLL  cells  are  highly  aggressive  and  invasive  (38).  A  consequence  of 
a  decrease  in  adhesion  is  the  activation  of  anoikis  (39),  we  did  not  measure  any  increase  in  cell 
death  when  adhesion  was  blocked.  From  the  data  presented  in  this  study  as  well  as  from  previous 
reports  ((15)  and  manuscript  in  preparation)  we  propose  a  model  for  PDT-elicited  tumor  survival 
response  that  can  be  detrimental  to  long  term  health  unless  combined  with  other  treatment 
regimens.  Subcurative  PDT  increases  the  release  of  VEGF,  we  have  measured  a  2.3  fold  increase 
in  VEGF  mRNA  (data  not  shown),  and  a  decrease  in  adhesion.  Combined,  this  increases  the 
release  of  cancer  cells  and  potentially  leads  to  metastases.  Released  cells  will  have  longer 
circulation  time,  due  to  the  PDT-induced  decrease  in  adhesion  molecules,  therefore  creating  a 
window  of  opportunity  to  prevent  their  adhesion  to  metastatic  sites. 

The  relevance  of  the  current  study  concerns  suboptimal  PDT,  with  our  investigation  of 
the  biological  response  of  tumor  cells  that  have  received  sublethal  PDT.  Our  focus  is  on  factors 
that  might  impede  treatment  efficacy.  We  and  others  have  previously  reported  and  increase  in 
VEGF  following  subcurative  PDT  treatment  (15)  that  could  promote  tumor  regrowth  (29)  and 
metastasis  (manuscript  in  preparation).  However,  other  factors  may  also  play  a  detrimental  role 
depending  on  the  tumor  type  or  stage  of  the  disease.  For  these  reasons  we  have  chosen  the  highly 
aggressive,  androgen-independent  MLL  prostate  cancer  cell  line  for  this  study.  This  cell  line  is 
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useful  for  studying  AIPC,  which  occurs  at  a  later  stage  in  prostate  cancer.  This  study  shows  that 
sublethal  and  subcurative  PDT  transiently  decreases  the  expression  of  adhesion  molecules  as 
well  as  transiently  increasing  the  in  vivo  circulation  time  of  PDT  treated  cells.  Furthennore,  the 
results  presented  in  this  study  suggest  a  possible  mechanism  for  the  previously  described 
increase  in  metastasis  following  subcurative  PDT  of  MLL  tumors  (14)  and  provide  the  rational 
for  the  development  of  combination  therapy  for  improving  PDT. 
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Figure  legend 


Figure  1:  Survival  of  MLL  cells  as  a  function  of  light  dose.  24  h  following  PDT  treatment  with 
the  indicated  light  doses,  MTT  assay  was  performed  to  determine  cells  survival.  LO  was 
arbitrarily  set  at  100  %.  For  subsequent  experiments  light  doses  of  0.5  J/cm  and  1  J/cm“  were 
used  (grey  bars).  LO:  Light  Only,  BO:  BPD  Only.  Results  are  mean  +  SE  of  3  independent 
experiments  measured  in  duplicate. 


Figure  2:  Subcurative  PDT  decreases  adhesion  to  Collagen  IV.  (A)  24  h  or  72  h  (B)  post-PDT 
MLL  cells  were  collected,  labeled  with  DiO,  plated  on  Collagen  IV  coated  24-well  plate,  and  left 
to  adhere  for  6  h.  Cells  were  then  either  washed  4x  to  remove  unbound  cells  or  left  unwashed  to 
measure  total  cells  plated.  %  Adhesion  was  calculated  by  taking  the  fluorescent  count  of  bound 
cells  (after  washing)  to  the  fluorescent  count  of  total  cells  plated  (unwashed).  LO:  Light  Only, 
BO:  BPD  Only.  %  =  %  of  cells  that  survived  treatment.  Results  are  mean  ±  SE  of  3  independent 
experiments. 


Figure  3:  In  vitro  analysis  of  p  1  integrin  and  a5  integrin  protein  and  mRNA  levels.  MLL  cells 
were  incubated  with  BPD-MA  for  1  h  before  subcurative  treatment.  At  24  h  (A)  and  72  h  (B) 
following  treatment,  cells  were  collected,  protein  extracted  and  100  pg  or  25  pg  was  used  for  pi 
integrin  and  a5  integrin  western  respectively.  The  level  of  actin  was  measured  as  a  protein¬ 
loading  control.  (C)  Real-time  RT-PCR  analysis  of  a5  and  pi  integrin  mRNA  levels.  Results  are 
expressed  relative  to  LO  and  are  mean  ±  SE  of  3  independent  experiments  measured  in  triplicate. 
LO:  Light  Only,  BO:  BPD  Only,  %  =  %  of  cells  that  survived  treatment. 
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Figure  4:  Immunohistochemical  staining  of  p  1  integrin  in  orthotopic  prostate  tumors. 
Microsections  of  tumors  were  stained  with  hematoxylin  and  eosin  (H  &  E,  top  pictures)  or  with 
pi  integrin  and  hematoxylin  (bottom  figures).  Arrow  indicates  area  unaffected  by  treatment.  NT: 
No  treatment,  PDT  represents  two  different  tumors. 

Figure  5:  Analysis  of  pi  integrin  and  a5  integrin  protein  levels  from  orthotopic  prostate  tumors. 
24  h  following  PDT,  animals  were  sacrificed,  tumors  were  collected  and  proteins  and  RNA  were 
extracted.  100  pg  or  25  pg  of  proteins  was  used  for  pi  integrin  (A)  and  a5  integrin  (B)  western 
respectively.  The  level  of  actin  was  measured  as  a  protein-loading  control.  PDT  1  and  PDT  2  are 
proteins  from  tumors  of  2  different  animals.  Graphs  represent  the  average  integrin  pi  levels  (left) 
or  a5  levels  (right)  from  5  different  tumors  after  calculating  the  integrin:  actin  ratio  and 
performing  densitometric  analysis.  Real-time  RT-PCR  analysis  of  pi  (C)  and  a5  (D)  integrin 
mRNA  levels.  Results  are  expressed  relative  to  NT  and  are  mean  ±  SE  of  5  independent 
experiments  measured  in  triplicate.  NT  was  arbitrarily  set  at  1.  NT:  No  treatment,  BO:  BPD 
Only.  **  p  <  0.001,  and  *  p  <  0.05  when  compared  to  NT. 

Figure  6:  Subcurative  PDT  increases  circulation  time  of  prostate  cancer  cells.  24  h  (- A-)  or  72  h 
(-■-)  post-PDT  or  untreated  (-0-)  MLL  were  labeled  with  the  lipophilic  dye  DiD  and  injected  in 
the  tail  vein  of  SCID  mice  and  immediately  placed  on  the  IVFC.  The  normalized  numbers  of 
circulating  cells  per  minute  are  shown  for  3  h  following  injection  of  the  fluorescently  labeled 
cells.  (n=3  with  5  measurements).  *  P  <  0.05  when  compared  to  untreated  cells. 
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